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Summary/Abstract 
Nanofiltration (NF) is an attractive option for the treatment of wastewater e.g. municipal 
wastewater and landfill leachate. However, membrane fouling can be a major obstacle in 
the implementation of this technology. Fouling of nanofiltration membranes by humic 
acids (HA) was investigated using bisphenol A (BPA) as an indicator chemical to differenti-
ate between various mechanisms that may lead to a change in solute rejection. Three 
commercially available NF membranes were investigated and an accelerated fouling con-
dition was achieved with a foulant mixture containing humic acids in an electrolyte matrix. 
The effects of membrane fouling on the rejection of BPA were interpreted with respect to 
the membrane pore sizes and the fouling characteristics. Results reported here indicate 
that calcium concentration in the feed solution could be a major factor governing the hu-
mic acid fouling process. Moreover, a critical concentration of calcium in the feed solution 
was observed, at which membrane fouling was most severe. Membrane fouling charac-
teristics were observed by their influence on BPA rejection. Such influence could result in 
either an increase or decrease in rejection of BPA by the three different membranes de-
pending on the rejection mechanisms involved. It is hypothesised that these mechanisms 
could occur simultaneously and that the effects of each might not be easily distinguished. 
However, it was observed that their relative contribution was largely dependent upon 
membrane pore size. Pore blocking, which resulted in a considerable improvement in re-
jection, was prominent for the more open pore size TFC-SR2 membrane. In contrast, the 
cake-enhanced concentration polarisation (CECP) effect was more severe for the tighter 
NF270 and NF90 membranes. For hydrophobic solutes such as BPA, the formation of the 
fouling layer could also interfere with the solute-membrane interaction, and therefore, 
exert considerable influence on the separation process. 
The combined impact of humic acid fouling and CaCO3 scaling on the rejection of trace 
organic contaminants by a commercially available nanofiltration membrane was investi-
gated in this study. Due to the presence of humic acid in the feed solution, CaCO3 scaling 
behaviour differed substantially from that of a pure CaCO3 solution. A prolonged induc-
tion period was consistently observed prior to the onset of membrane scaling. In addition, 
membrane scaling following humic acid fouling did not result in a complete loss of per-
meate flux. This is consistent with the absence of any large CaCO3 crystals. In fact, the 
CaCO3 crystals on the membrane surface were quite small and similar in size, which would 
result in a relatively porous cake layer. At the onset of CaCO3 scaling the rejection of all 
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three trace organic contaminants started to decrease dramatically. The observed de-
crease in rejection of the trace organic contaminants was much more severe than that 
reported previously with a single layer of either organic or colloidal fouling. Such severe 
decrease in rejection can be attributed to the extended cake-enhanced concentration po-
larisation effect occurring as a result of the combination of membrane fouling and scaling. 
The porous CaCO3 scaling layer could lead to a substantial cake-enhanced concentration 
polarisation effect. In addition, the top CaCO3 scaling layer could reduce the wall shear 
rate within the underlying humic acid fouling layer, causing an additional concentration 
polarisation (CP) effect. 
 
Keywords: Nanofiltration, Membrane fouling, Membrane scaling, Trace organic contami-
nants, Cake-enhanced concentration polarisation, Bisphenol A 
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1 Introduction 
Chapter 1 of this work gives a general introduction into filtration using nanofiltration/re-
verse osmosis (NF/RO) membranes including fundamentals, transport and separation 
mechanisms, (commercial) applications as well as some insight into the classification, 
structure, and materials of NF/RO membranes. Furthermore, a comprehensive look is 
taken at the removal of trace organic contaminants (TrOCs) by NF/RO, a highly complex 
matter affected by characteristics of the membrane, the feed solution, the solutes, and 
the operational conditions of the NF/RO filtration process. Additionally, it is focussed on 
the implications of the various types of membrane fouling as well as the effects of mem-
brane cleaning. The objective of this comprehensive literature review is to reflect the cur-
rent state of knowledge in the field of the removal of TrOCs by NF/RO focussing mainly 
on the last 3 to 5 years. Where necessary, relevant older references are included. 
The main focus of the Chapters 2 and 3 is to delineate the effects of organic fouling of 
nanofiltration membranes on the rejection of the trace organic contaminant bisphenol A 
using synthetic wastewater. The particular impact of the calcium concentration in the feed 
solution and the respective mechanisms of solute transport under fouling conditions are 
discussed in detail. 
Chapter 4 deals with the combined organic fouling (humic acid) and CaCO3 scaling and 
the resulting impact on flux and on the rejection of TrOCs by a nanofiltration membrane. 
The results are compared to those observed under the conditions of pure CaCO3 scaling. 
Again, the underlining mechanisms of solute rejection are elaborated. 
In chapter 5 the findings of the studies conducted are briefly summarised, conclusions 
are drawn and a short outlook is given. 
 
1.1 Fundamentals of NF/RO 
The performance of NF membranes ranges between ultrafiltration (UF) and RO mem-
branes. NF membranes are porous with sizes of the pores covering a range of 0.001-
0.01 μm. Larger organic molecules, viruses, and particularly divalent salts are retained by 
NF membranes, so they are often used in water softening applications (Hilal et al. 2004, 
Lee et al. 2016, Oatley et al. 2012). 
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Unlike microfiltration (MF), UF, and NF membranes, RO membranes are so dense that 
they are considered as nonporous (Lee et al. 2016). The given pore size of approx. 0.0001-
0.001 μm lies within the range of thermal motion of the polymer chains the membrane is 
made of. As a consequence, RO membranes are capable of rejecting low-molecular-
weight species such as monovalent salts and organic molecules from aqueous solutions. 
The widely recognised mechanism of transport by RO is via diffusion through statistically 
distributed free volume areas. Initially, solvent and solutes dissolve into the membrane 
polymer (partitioning) followed by diffusion due to a concentration gradient driven by the 
applied pressure that exceeds the osmotic pressure. Separation occurs because of the 
difference in solubilities and mobilities of different solutes within the membrane. RO 
membranes are most frequently applied for the desalination of brackish groundwater or 
seawater and the production of potable water e.g. from treated wastewater. (Lee et al. 
2016) 
 
1.1.1.1 Solute transport through NF/RO membranes 
There are basically two main transport mechanisms for the NF, namely convection and 
diffusion (Lee et al. 2016). The water flux for porous NF membranes is related primarily 
to the applied pressure (Δp), which can be described by the Hagen Poiseuille equation. In 
the case of high salt containing solutions, the osmotic pressure needs to be taken into 
account (Bandini and Vezzani 2003). 
For convection, the water flux is dependent on the applied pressure, i.e. high pressure 
leads to high water flux as well as convective flux of solutes in the water (Lee et al. 2016). 
This is in accordance with the well-known transport mechanisms proposed by Spiegler & 
Kedem (1966). In contrast to convection, the diffusive transport (solute flux) is independ-
ent of pressure. Instead, diffusion is rather related to a solute concentration gradient 
across the membrane (Lee et al. 2016, Spiegler and Kedem 1966). 
Solute transport through NF/RO membranes is often described using models based on 
the extended Nernst-Planck equation with the Donnan steric equilibrium at the mem-
brane and solution interfaces (Bowen et al. 1997, Tsuru et al. 1991). The extended Nernst-
Planck equation consists of three different components the solute flux is related to, 
namely the concentration gradient, the flux due to electrostatic forces (charge gradient), 
and the convection of the solute (volume flux). The importance of the solute concentration 
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ci at the surface of the membrane in determining the solute passage becomes clear when 
considering the fact that all three terms contain ci. 
 
1.1.2 Separation mechanisms 
1.1.2.1 Steric size exclusion 
Membranes are capable of selectively separate solutes over a wide range of particle sizes 
and molecular weights/sizes, from macromolecular organic compounds to monovalent 
ions. Steric size exclusion or hindrance was shown to be the major rejection mechanism 
e.g. for hydrophilic compounds by NF (Dang et al. 2014a, Verliefde et al. 2008, Zazouli et 
al. 2009) and for disinfection by-products (DBPs) by RO (Doederer et al. 2014). In case of 
the neutral carbamazepine (CBZ) size exclusion even represents the exclusive rejection 
mechanism (Simon et al. 2013b). The great importance of the steric effect and the corre-
lation of rejection by the HL membrane with molecular weight (MW) was reported for 
haloacetic acids (HAAs) and pharmaceutically active compounds (PhACs) (Kong et al. 
2016). Simon et al. (2013a) show increasing steric hindrance and hence rejection of neu-
tral hydrophilic TrOCs by NF with increasing equivalent width of the compounds. Size ex-
clusion is also described as the dominating mechanism for the rejection of pharmaceuti-
cals and personal care products (PPCPs) by NF/RO in the presence of silica fouling (Lin et 
al. 2014). 
 
1.1.2.2 Donnan effect 
The Donnan effect (or Gibbs-Donnan equilibrium) describes the uneven distribution of 
charged species between the two sides of a charged (semi-permeable) membrane, which 
is permeable to some, yet not all solutes in the solution (Donnan 1995). In this case, the 
permeable species distribute unevenly across the two sides of the membrane leading to 
a charge difference, the so-called Donnan potential, which consequently results in an ad-
ditional osmotic pressure. As discussed, the interactions described before are only effec-
tive to charged solutes, i.e. salts or ionic organic compounds, whereas neutral solutes are 
naturally not affected by the Donnan effect. 
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1.1.2.3 Electrostatic repulsion 
Another separation mechanism in membrane processes is electrostatic repulsion when 
addressing charged membrane surfaces and charged compounds under the given condi-
tions of the feed water such as pH and ionic strength (IS) (Dang et al. 2014a, Lee et al. 
2016, Verliefde et al. 2008, Zazouli et al. 2009). A membrane exhibits a charge due to the 
dissociation of ionisable groups in the active skin/surface layer of the membrane as well 
as within the membrane pores (Ernst et al. 2000, Hagmeyer and Gimbel 1998, Hall et al. 
1997a, Hall et al. 1997b). These functional groups may be of acidic or basic type or even a 
combination of both depending on the materials utilised during the manufacture of the 
membrane. Taheran et al. (2016) concludes from literature that most of the available thin 
layer composite NF/RO membranes are negatively charged in neutral solutions due to 
deprotonation of the functional groups. Hence, the charge of TrOCs and the resulting 
electrostatic interaction with the membrane may contribute substantially to their rejec-
tion. For example, the rejection of sulfamethoxazole (SMX) (Simon et al. 2013b). However, 
for positively charged solutes a negatively charged membrane exhibits attractive forces, 
which leads to high concentrations at the membrane surface and consequently results in 
a lower observed rejection (Verliefde et al. 2007b). Electrostatic interaction may even af-
fect uncharged compounds exerting a high dipole moment by aligning the molecule in a 
favourable direction toward the membrane pores and thereby promote the passage of 
the solute across the membrane (Nghiem et al. 2005a, Van der Bruggen et al. 1999, Van 
der Bruggen and Vandecasteele 2003). 
 
1.1.2.4 Adsorption 
In addition to the aforementioned separation mechanisms, TrOCs may also be rejected 
when they adsorb to the membrane polymer (Rana et al. 2014) or to adsorptive constitu-
ents (e.g. natural organic matter, NOM) in the feed water. A suitable fouling layer on the 
membrane surface could as well act as an adsorbent for TrOCs (Yangali-Quintanilla et al. 
2009). Although the effect has been known for quite some time (Verliefde et al. 2008, 
Yangali-Quintanilla et al. 2009), various recent studies have discussed the importance of 
adsorption for the rejection of TrOCs by NF/RO membranes (Chen et al. 2014, Dang et al. 
2014a, Kiso et al. 2014, Lin and Lee 2014, Liu et al. 2015, Wei et al. 2016). 
Adsorption of TrOCs may be governed by chemical (hydrogen bonding, ionic or covalent) 
interactions and/or physical (hydrophobic) interactions (Muhamad et al. 2016b). These 
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authors also name adsorption the main rejection mechanism of TrOCs for MF and UF 
(Muhamad et al. 2016a). This was due to the fact that adsorption occurs not only on the 
membrane surface but also in the pores (Comerton et al. 2007). Adsorption often leads 
to a high initial rejection rate of TrOCs until an equilibrium stage is reached during which 
desorption occurs as well (Su-Hua et al. 2010). 
 
1.1.3 Environmental applications of NF/RO 
NF has been in the centre of interest of research and large scale applications for the treat-
ment of groundwater, surface water, and wastewater reclamation/reuse for many years 
(Mohammad et al. 2015). Among traditional purposes like retaining divalent ions (water 
softening), removal of TrOCs such as pharmaceutically active compounds (PhACs), hor-
monally active agents, pesticides, etc. has increasingly become a new field of application 
for NF membranes. Due to very good removal capacities, lower energy consumption, less 
concentrate production and decreasing prices NF membranes have become an interest-
ing alternative compared to RO. (Mohammad et al. 2015) However, RO (and low pressure 
reverse osmosis, LPRO) still remains an important membrane process to be applied when 
NF reaches its limitations, e.g. a sufficient removal of (small) organic compounds as shown 
in various studies (Azaïs et al. 2016, Fujioka et al. 2014a, Mahlangu et al. 2014a, Ogutverici 
et al. 2016) or meeting, for example, total organic carbon (TOC) requirements (Bellona et 
al. 2012). 
 
1.1.4 Drinking water treatment from groundwater and surface water sources 
Due to their separation capacities (e.g. dissolved organic carbon (DOC), colour, turbidity, 
UVA254) and capability of producing large amounts of high-quality water NF/RO have been 
applied in the production of drinking water for many years (Garcia-Vaquero et al. 2014). 
For the treatment of groundwater the water softening capabilities, particularly of NF, as 
well as the removal of inorganic pollutants, e.g. arsenic, fluoride, radium, uranium are 
very favourable. Furthermore, as recent studies suggest, NF has increasingly been used 
in new applications e.g. the removal of persistent organic pollutants (POPs), pharmaceu-
tical active compounds (PhACs) and hormones (Lopes et al. 2013, Madsen and Søgaard 
2014, Pereira et al. 2012, Radjenovic et al. 2008, Saitúa et al. 2012, Sanches et al. 2012, 
Vergili 2013). 
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Madsen and Søgaard (2014) have studied NF/LPRO membranes for the treatment of pes-
ticides polluted groundwater. The authors observed a rejection of >90% for regular pesti-
cides by the NF99HF membrane tested. However, this NF membrane showed unsatisfac-
tory rejection of pesticide transformation products (PTPs) due to a smaller molecular size 
of the solutes so LPRO was needed to provide a sufficient barrier for PTPs. Another study 
with a flat sheet NF membrane (FM NP010, Microdyn Nadir, Wiesbaden, Germany) in 
crossflow mode for PhACs removal for drinking water production from surface water 
found only moderate rejection rates, i.e. neutral carbamazepine was rejected by 31-39%, 
whereas ionic diclofenac (DIC) and ibuprofen (IBU) showed a better rejection rate with 55-
61% (Vergili 2013). 
The treatment of synthetic and river water contaminated with commercial formulations 
of the herbicide glyphosate by an NF pilot plant exhibited a rejection of >80% for the pes-
ticide and the permeate to be free of acute toxicity towards fish (Saitúa et al. 2012). Com-
paring the molecular weight of the solute (168 Da) with molecular weight cut-off (MWCO) 
of the membrane (180 Da), the authors concluded that steric exclusion would have been 
less relevant a rejection mechanism. Thus, the fairly high rejection rate for glyphosate was 
attributed mainly to Donnan exclusion and dielectric exclusion due to the solutes high 
charge density. As a final conclusion, the authors classified NF a viable means for potable 
water treatment using glyphosate polluted surface water sources. 
Ogutverici et al. (2016) studied the removal of triclosan (TCS) from a surface water used 
as a real drinking water source. The tested NF membrane DK-NF (GE Osmonics) rejected 
the biocide compound by only 57% due to its highly hydrophobic nature. In the presence 
of natural organic matter, an increased triclosan rejection was observed which was at-
tributed to a TCS-HA complex formation. The authors also describe a positive correlation 
between the concentration of humic acid and the triclosan rejection. 
A hybrid solar/wind-powered nanofiltration pilot plant was used to further treat a conven-
tionally treated drinking water originating from a reservoir (surface) water (Garcia-
Vaquero et al. 2014). The NF90 membrane exhibited a removal efficiency of >74% for most 
of the PhACs in the feed water. Several compounds like naproxen (NPX), diclofenac, ibu-
profen and dilantin were rejected by the NF90 at rates ≥99%. That is a clear advantage 
over the conventional treatment which was not able to retain some PhACs such as car-
bamazepine and 1-hydroxyl-ibuprofen (metabolite of ibuprofen). 
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1.1.5 Water/Wastewater reclamation 
The application of NF/RO membranes is becoming increasingly widespread in water treat-
ment, industrial processes and wastewater reclamation/reuse due to the capacity of those 
membranes to provide a high product water quality (Bellona et al. 2012). Also, surface 
water augmentation and groundwater injection are interesting new fields in which NF/RO 
membrane processes may be applied. 
Luo et al. (2014) have reviewed various treatment processes for TrOCs removal including 
NF and RO. They found removal efficiencies of NF membrane to be medium to high for 
PhACs, steroid hormones (SHs) and industrial chemicals (ICs) and medium for personal 
care products (PCPs). RO expectedly performed better with removal efficiencies to be me-
dium to high for PhACs and high for PCPs, SHs, and ICs. Major process specific impact 
factors on efficiency were membrane properties such as pH, TMP and feed quality. The 
most important solute-related factors were hydrophobicity and molecular size. There are 
several disadvantages of NF/RO membrane processes, namely high energy demand, 
membrane fouling, and the disposal of concentrate (NF/RO) as well as desorption of 
sorbed chemicals from the membrane (NF) and the corrosive nature of the finished water 
(RO) (Luo et al. 2014). 
 
1.2 Classification and materials of NF/RO membranes 
1.2.1 Membrane classes 
There are two classes of membranes: isotropic and anisotropic membranes. Isotropic 
membranes are characterised by a chemically and structurally homogeneous composi-
tion. Microporous membranes, nonporous dense films, and electrically charged mem-
branes are typical examples of isotropic membrane (Baker 2004). 
In contrast, anisotropic membranes are homogeneous in chemical composition (Loeb-
Sourirajan membranes) with varying pore sizes and porosity across the membrane thick-
ness or chemically and structurally heterogeneous (composite membranes) as described 
by Lee et al. (2016). The latter one exist as thin-film, coated films, and self-assembled 
structures. Composite membranes basically consist of a thin surface layer supported by 
a much thicker porous structure, the (mechanical) support layer. In some cases, a non-
 
 
Introduction 
8 
 
woven backing layer provides additional mechanical support. These two or three struc-
tural parts of thin-film composite (TFC) membranes are mostly made of different poly-
meric materials. For example, the NF270 by Dow Filmtec (Minneapolis, MN, USA) consists 
of a polyamide active (PA) skin or surface layer (as thin as 20 nm) based on a polysulfone 
supporting (approx. 10 times the thickness of the skin layer) and a polyester backing layer 
(approx. a few µm thick) (Nghiem et al. 2005b, Semião and Schäfer 2013). The thin film or 
active skin layer exclusively determines the separation of solutes and permeation rates, 
whereas the porous supporting layer(s) solely provide mechanical support to the skin 
layer (Fujioka et al. 2015b, Lee et al. 2016). This structural design of TFC membranes leads 
to a high permeability/flux. According to Fujioka et al. (2015) TFC membranes are widely 
applied in NF/RO and have become the industry standard. 
 
1.2.2 Membrane materials 
Membranes can basically be made of three types of material: organic, inorganic or an 
inorganic-organic hybrid material. Looking at the published studies on TrOCs removal by 
NF/RO in water/wastewater treatment applications conducted between 2014 and 2016 
the clear dominance of polymeric membranes, particularly polyamide membranes, is ob-
vious as can be seen from Figure 1-1. There were no recent studies on hybrid membranes 
in the context of TrOCs removal so these type will not be described in detail. 
 
Figure 1-1: Numbers of membranes studied as a function of membrane material (active skin 
layer) between 2014 and 2016 (total number of membranes tested = 90) 
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1.2.3 Organic membrane materials 
Essentially all organic membranes are made of polymeric materials. This is due to the fact 
that polymers offer a wide range of structure and properties. Typical polymeric materials 
for industrially established filtration membranes include cellulose acetates (CA), cellulose 
nitrate (CN), polyacrylonitrile (PAN), polyamide, polycarbonates (PC), polyetherimides 
(PEIs), polyimide (PI), polysulfone (PSU), polyethersulfones (PESs), cross-linked polyether, 
polypropylene (PP), polyvinylidene fluoride (PVDF), and polyvinyl alcohol (PVA). These 
membrane materials represent the first generation of polymeric materials and to date 
are most widely used in membrane applications (Lee et al. 2016, Ulbricht 2006). 
 
1.2.3.1 Polyamide membranes 
Supporting the abovementioned dominance of polyamide membranes it is reported that 
polyamide or polyamide-derivative RO membranes are used in most if not all water rec-
lamation plants (Fujioka et al. 2012, Shenvi et al. 2015). This can be partly attributed to 
several favourable properties of polyamide membranes such as high permeate flux, ade-
quate salt rejection and the opportunity to operate in a wide pH range (Lee et al. 2011). 
On the downside, polyamide membranes lack a sufficient resilience to strong oxidizing 
agents like free chlorine, which is used to control biofouling: This may lead to a chlorine-
induced membrane degradation (Glater et al. 1994, Simon et al. 2009). However, the 
“membrane-friendly” surrogate anti-biofouling agent, monochloramine, is a precursor for 
the formation of disinfection by-products (e.g. N-Nitrosodimethylamine, NDMA). 
 
1.2.3.2 Cellulose acetate membranes 
Cellulose acetate and cellulose triacetate (CTA) have re-emerged as membrane material 
for RO especially for feed waters with high fouling potential. This is due to the chlorine 
resistance (up to 1 ppm) so therefore chlorine can be used to suppress the biofouling on 
the membrane surface (Shenvi et al. 2015). Cellulose acetate-based membranes exhibit a 
significantly lower surface charge than polyamide based RO membranes. Consequently, 
the role of electrostatic repulsion of charged TrOCs is less significant compared to poly-
amide RO membranes (Fujioka et al. 2015a). However, the knowledge regarding the re-
jection of TrOCs by cellulose acetate membranes in RO applications remains very scarce 
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due to the lack of respective studies. The abovementioned chlorine resistance of CA/CTA 
membranes is still accompanied by a disadvantage, namely a limited permeate flux 
(Konagaya et al. 2001). Another disadvantage of CA/CTA membranes is the very narrow 
tolerable operational pH range (4 to 6) (Shenvi et al. 2015), because outside this range CA 
membranes are prone to hydrolysis both in acidic and alkaline conditions (Vos et al. 1966). 
 
1.2.4 Inorganic membrane materials 
On the other hand, inorganic membranes have recently attracted a lot of interest due to 
their favourable material properties such as thermal, chemical, and mechanical robust-
ness as well as their reusability. Membrane treatment of wastewater is often subject to 
high fouling potential and consequently requires chemical cleaning. That offers new op-
portunities for the application of, for example, ceramic membranes that show greater 
fouling-resistance (Lee et al. 2016), since they are described as hydrophilic membranes 
with lower hydrogen bonding potential than polymeric membranes (Childress and 
Elimelech 1996). The greater chemical stability/resilience and the longer life of ceramic 
membranes compared to current polymeric membranes make them an interesting op-
tion for e.g. drinking water applications and provide reliability and safety (Fujioka et al. 
2014a, Lee et al. 2016). Loose ceramic membranes (MWCO > 500 Da) have been commer-
cially available for more than a decade. Very recent developments in ceramic materials 
and manufacturing technologies facilitated the production of much tighter ceramic mem-
branes, e.g. MWCO = 200 Da (Fujioka et al. 2014a). Furthermore, TiO2 as an important ma-
terial for the manufacture of ceramics is considered a nontoxic, readily available, and in-
expensive material (Lee et al. 2016). On the other hand, Fujioka et al. (2014) state the low 
permeability, relatively high capital cost and the limited availability of low MWCO mem-
branes as limiting factors for a wider use of ceramic membranes. 
Membrane materials currently developed usually feature nanocrystalline structures, in-
cluding porous ceramics (e.g. Al2O3, TiO2, ZrO2, ZnO, and SiO2,), composites containing two 
or more materials (e.g. TiO2–SiO2, TiO2–ZrO2, and Al2O3–SiC), and various nanoparticle 
composites (e.g. Ag–TiO2, Zn–CeO2, and zeolites (DeFriend et al. 2003, Kumar et al. 2014, 
Lee et al. 2016, Mohmood et al. 2013). 
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1.3 Removal of trace organic contaminants 
The rejection capacity of NF/RO membranes for organic solutes like TrOCs is a highly com-
plex matter which is impressively demonstrated in Figure 1-2. There are numerous factors 
affecting rejection efficiency of TrOCs by NF/RO, which can be classified into four groups: 
1. Membrane characteristics, 2. Feed solution characteristics, 3. Solute characteristics, and 
4. Operational characteristics. Additionally, membrane fouling as well as membrane 
cleaning play an important role in determining the rejection of TrOCs from an aqueous 
solution using NF/RO membranes. Taking the aforementioned complexity of the topic into 
account, rejection mechanisms and their interrelation will be discussed in detail in the 
following sections. 
Figure 1-2: Schematic diagram showing the complexity of various impact factors on the 
rejection of trace organic compounds 
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Table 1-1 gives an overview of rejection rates of various types of TrOCs observed for 
NF/RO membranes and aims at underlining the large variation TrOC rejection is subject 
to. The range of variation may be due to the abundance of parameters affecting NF/RO 
membrane filtration (as shown in Figure 1-2). This is also reflected by the various experi-
mental conditions studies are conducted under, which complicates the comparison of the 
results. 
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Table 1-1: Selection of rejection rates of various types of TrOCs for NF/RO membranes 
Compound/ 
Group of compounds 
Membrane Scale 
tested 
Range of  
rejection 
(%) 
Comment/ 
Operational conditions 
References 
Type Material loose 
NF 
tight 
NF 
RO   
 
Pharmaceutical active compounds 
Various NF270 PA X   Lab 20 - 90 WWTP effluent and electrolyte so-
lution 
Azais et al. (2016) 
Various NF90 PA  X  Lab > 80 WWTP effluent and electrolyte so-
lution 
Azais et al. (2016) 
Carbamazpine NF270 PA X   Lab 60 Clean membrane Mahlangu et al. (2014a) 
Hoek et al., 2014 (Mah-
langu, Hoek et al. 
2014)(Mahlangu, Hoek 
et al. 2014)(Mahlangu, 
Hoek et al. 2014)(Mah-
langu, Hoek et al. 
2014)(Mahlangu, Hoek 
et al. 2014) 
Carbamazpine NF270 PA X   Lab 18 Organically fouled membrane, no 
flux correction! 
Mahlangu et al. (2014a) 
Carbamazpine NF270 PA X   Lab 24 
 
Colloidally fouled membrane, no 
flux correction! 
Mahlangu et al. (2014a) 
Mahlangu et al. (2014a) 
Caffeine NF270 PA X   Lab  Clean membrane Mahlangu et al. (2014b) 
Various NF270 PA X   Lab 35 - 90 Clean membrane Mahlangu et al. (2016) 
Various  NF90 PA  X  Pilot 28 - 100 Conventionally treated drinking 
water; system recovery = 70% 
Garcia-Vaquero et al. 
(2014) 
          
Personal care products 
Triclosan DK-NF PA X   Lab 57 Surface water Ogutverici, et al. (2016) 
          
Disinfection by-products 
Various ESPA2 PA   X Lab 0 - 98 Feed temperature 33,5 °C Doederer, et al. (2014) 
Various ESPA2 PA   X Lab 21 - 99 Transmembrane flux 3 L/m²∙h  
Various ESPA2 Pa   X Lab 25 Feed temperature 35 °C  
          
N-Nitrosamines (neutral) HKC3023V CTA   X Lab 25 - 78 Feed: electrolyte solution Fujioka, et al. (2015a) 
N-Nitrosamines (neutral) TFC 4040HR PA   X Pilot 27 - 95 RO system recovery = 25% Fujioka, et al. (2014c) 
N-Nitrosamines (neutral) TFC 4040HR PA   X Pilot 10 - 89 Feed temperature = 35 °C Fujioka, et al. (2014c) 
THM NF90, spiral 
wound 
PA  X  Pilot 53 Conventionally treated drinking 
water; system recovery = 70% 
Garcia-Vaquero et al. 
(2014) 
          
Trace organic contaminants, miscellaneous 
Various (neutral hydrophilic) HKC3023V CTA   X Lab 25 - 78 MW 74 - 130 g/mol Fujioka, et al. (2015a) 
Various (neutral hydropho-
bic) 
HKC3023V CTA   X Lab > 95 MW > 236 g/mol Fujioka, et al. (2015a) 
Diuron (neutral, hydro-
phobic) 
HKC3023V CTA   X Lab 39 MW = 233 Fujioka, et al. (2015a) 
Various (neutral hydrophi-
lic/hydrophobic) 
IKTS Ceramic X   Lab 20 - 92 Feed: electrolyte solution Fujioka, et al. (2014a) 
Various (neutral hydro-
philic/hydrophobic) 
NF270 PA X   Lab 5 - 98 Feed: electrolyte solution Fujioka, et al. (2014a) 
Various (neutral hydro-
philic/hydrophobic) 
NF90 PA  X  Lab 6 - 99 
 
Feed: electrolyte solution Fujioka, et al. (2014a) 
          
Various (charged) HKC3023V CTA   X Lab > 90 Feed: electrolyte solution Fujioka, et al. (2015a) 
Various (charged) IKTS Ceramic X    25 - 99 Feed: electrolyte solution Fujioka, et al. (2014a) 
Various (charged) NF270 PA X    58 - 99 Feed: electrolyte solution Fujioka, et al. (2014a) 
Various (charged) NF90 PA  X   89 - 100 Feed: electrolyte solution Fujioka, et al. (2014a) 
Volatile organic carbons  BW30    X Pilot 3 - 99 Secondary effluent, UF pre-
treated 
Martinez et al. (2015) 
Odors BW30 PA   X Pilot 5 - 99 Secondary effluent, UF pre-
treated 
Martinez et al. (2015) 
Allergens BW30 PA   X Pilot 90 - 98 Secondary effluent, UF pre-
treated 
Martinez et al. (2015) 
          
Perfluorinated organic compounds 
Various loose various   X Lab 88 - 98 pH = 7 Chen, et al. (2014) 
Various tight various   X Lab 98,5 - 100 pH = 3 - 9 Chen, et al. (2014) 
          
Polycyclic aromatic hydrocarbons 
Naphthalene DK PA  X  Lab/pi-
lot 
29  
Industrial w/w; TMP = 20 bar, 
Temperature feed = 25°C 
Efligenir et al.(2014)  
Pyrene DK PA  X  Lab/pi-
lot 
40 Efligenir et al.(2014) 
Phenanthrene, Fluoran-
thene, Chrysene 
DK PA  X  Lab/pi-
lot 
100 Efligenir et al.(2014) 
          
Endocrine disrupting compounds 
          
Tributylphosphate BW30 PA   X Pilot 99 Secondary effluent, UF pre-
treated 
Martinez et al. (2015) 
Alkylphenols (NP2EO, 
OP1EO, OP2EO) 
DK PA  X  Lab/pi-
lot 
>84 - 97 
 
Industrial w/w; TMP = 20 bar, 
Temperature feed = 25°C 
Efligenir et al.(2014) 
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1.3.1 Impact of membrane characteristics 
1.3.1.1 Molecular weight cut-off/pore size 
The MWCO value of a membrane refers to the molecular weight of a molecule or solute 
of which 90% is rejected by the membrane. The actual pore size of a membrane (in nm or 
µm) can be determined from the MWCO. According to Lee et al. (2016) pore sizes of NF 
and RO membranes (although RO membranes are considered nonporous) range from 
0.001 - 0.01 μm and 0.0001 - 0.001 μm, respectively. This relates to approximate MWCO 
values ranging from 200 to 1,000 Da for NF and <200 for RO membranes (Yoon 2017). 
The MWCO is not a standardised measure and it is always solute specific. Additionally, the 
concept is based on the consideration of the solute being round in shape. However, par-
ticularly large organic molecules often have a lengthy shape and might be able to pene-
trate a pore when they approach it with their small size first. In such cases, the MW of the 
solute might have suggested a high(er) rejection as is effectively observed.  
As discussed in section 1.1.2.1, size exclusion is one of the most important mechanisms 
governing the rejection of solutes by a membrane. Pore size is directly correlated to re-
jection of a solute so changes to the pore size can clearly affect rejection. As Dang et al. 
(2014b) and Doederer et al. (2014) report, pore size is subject to change with feed tem-
perature. Also, pH, ionic strength, and the presence of divalent ions can influence the pore 
size which is discussed in detail in section 1.3.2. 
Another interesting fact is the impact of the pore size on adsorption of mainly hydropho-
bic solutes (Dang et al. 2014a). Small pores prevent the solute to enter/penetrate into the 
pores so adsorption occurs on the membrane surface only. This limits the diffusion of the 
solute across the membrane which leads to a higher rejection. 
 
1.3.1.2 Surface charge 
The surface charge of a membrane is determined by the chemical structure, i.e. the type 
and abundance of functional groups in the active skin layer. The type of surface charge 
(positive or negative) and charge intensity of a membrane are determined by the chemical 
structure and the existence and type of functional groups (Bellona et al. 2004). The surface 
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charge exerts a great influence on rejection of charged solutes (due to the charge repul-
sion effect) and is subject to change with feed pH (Chen et al. 2014, Doederer et al. 2014, 
Fujioka et al. 2014c). A more detailed discussion can be found in section 1.3.2.1 
 
1.3.1.3 Hydrophobicity/hydrophilicity 
Hydrophobicity and hydrophilicity of a membrane are used to describe their attraction or 
absence thereof for solutes in the feed solution to adsorb to the membrane surface 
(Muhamad et al. 2016b). The hydrophobicity/hydrophilicity of a membrane is mainly de-
termined by the type and abundance of the functional groups in the membrane polymeric 
matrix, strongly depend on pH and are closely associated with the hydrophobicity/hydro-
philicity of the solutes. Hydrophobic interactions may occur between a solute and the 
membrane surface or even the surface of a covering fouling layer (Azais et al. 2014, 
Bellona et al. 2010, Comerton et al. 2009, Mahlangu et al. 2014a). The impact of the hy-
drophobicity/hydrophilicity of a membrane on the rejection behaviour of TrOCs by NF/RO 
will be discussed in detail in section 1.3.1.3. 
The influence of fouling on hydrophobicity/hydrophilicity has been shown in several stud-
ies. Lin et al. (2014) reported a more hydrophilic membrane surface due to a colloidal 
fouling layer. In contrast, Simon et al. (2013b) did not observe an impact on hydrophobi-
city by silica colloidal fouling (Simon et al. 2013b). These authors observed, however, a 
significant hydrophobisation of the membrane surface by organic fouling. An increase of 
the membrane hydrophobicity also occurred after chemical cleaning (Simon et al. 2012, 
2013c). This was attributed to conformational modifications of polymeric matrix due to 
harsh cleaning regime, adsorption of metal chelating agents of the cleaner rendering the 
surface more hydrophobic, and residues of organic foulants. 
 
1.3.1.4 Surface morphology 
Roughness and (real) surface area 
The roughness of a membrane surface in general is dependent on the size, shape, fre-
quency, and distribution of the surface projections (Hobbs et al. 2006). Roughness corre-
lates with the surface area of the membrane i.e. a rough surface leads to a larger surface 
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area than a smoother membrane. Hence, a rougher surface morphology results in in-
creased adsorption of TrOCs due to more opportunities for molecular contact (Comerton 
et al. 2007, Dang et al. 2014a, Li et al. 2007). 
The potential impact of the surface area of the active skin layer of an RO membrane on 
rejection of neutral solutes was shown by Fujioka et al. (2015b). According to the authors, 
the apparent surface area for both a low and a high roughness membrane is equal. How-
ever, the rough membrane exhibits a larger real surface area due to a local (micrometre 
scale) roughness, whereas for a smooth membrane apparent and real surface area are 
similar. Hence, their real local water flux is similar to the experimental water flux. For the 
rough membrane the larger real surface area leads to a higher permeability and thus a 
lower local water flux may occur although the apparent experimental water flux is identi-
cal to that of the smooth membrane. Consequently, the decreased local water flux leads 
to a decrease in solute rejection, which is in accordance with the irreversible thermody-
namics model. (Fujioka et al. 2015b) 
Furthermore, colloidal fouling can be correlated with the surface roughness of nanofiltra-
tion and reverse osmosis membranes (Hoek et al. 2003, Vrijenhoek et al. 2001). The stud-
ies showed that in the initial stages of fouling, the colloidal particles preferentially accu-
mulated in the “valleys” of rough membranes, leading to “valley clogging”. Therefore, a 
rough membrane generally is more prone to fouling than a smooth membrane. The im-
plications of colloidal fouling on TrOCs removal by NF/RO are discussed in section 1.3.5.2. 
 
Free-volume hole-radius/size 
As Fujioka et al. (2015b) conclude from literature, the presence of free-volume holes be-
tween cross-linked polymer chains of the active skin layer of a membrane is widely ac-
cepted. Water molecules and small solutes may partition into these free-volume holes. 
Particularly for neutral and hydrophilic solutes (e.g. NDMA) the free-volume hole-size is 
expected to be the most important factor governing rejection by RO. 
In addition to the free-volume hole size other membrane characteristics such as the free-
volume hole-size distribution (Fujioka et al. 2013c), the free-volume fraction and active 
skin layer thickness (Fujioka et al. 2015b) may also play an important role in the rejection 
of small and uncharged solutes by RO membranes. 
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Free-volume fraction and active skin layer thickness 
Fujioka et al. (2015b) reported that an increase in free-volume fraction of the active skin 
layer of RO membranes results in an increase of the diffusivity of water and solutes, which 
consequently improved water permeability and solute permeation as well. The basic so-
lution-diffusion model indicates a dependence of solute rejection on thickness (Bandini 
and Bruni 2010). Additionally, it was shown with an extended solution-diffusion model 
featuring the concept of free volume-holes that thickness and free-volume fraction as well 
as free-volume hole-radius determine solute rejection (Wang et al. 2014). 
 
1.3.2 Impact of feed characteristics  
1.3.2.1 pH value 
According to Dang et al. (2014a) the feed solution pH is one of the most important param-
eters influencing the hydrophobicity, the adsorption, and the chemical speciation of dis-
sociable organic compounds as well as the membrane surface charge. Possible changes 
to the membrane structure occurring with changing pH are reported in the literature 
(López-Muñoz et al. 2009). This structural change is caused by stronger electrostatic inter-
actions between the dissociated functional groups resulting in pore shrinkage at high pH. 
In contrast, other studies showed an increase in pore size with increasing pH (Donose et 
al. 2013, Simon et al. 2013a). 
Doederer et al. (2014) described a decrease of permeability with increasing pH for the NF 
membrane but not for the RO membrane tested, respectively. For NF membranes the 
rejection on inorganic solutes (salts) is governed by size exclusion and Donnan exclusion. 
With increasing pH the membrane surface charge turns more negative as well which leads 
to Donnan exclusion becoming the dominant mechanism of rejection. In contrast, for RO 
membranes size exclusion is the dominant mechanism of rejection so an increase in 
membrane surface charge with increasing pH plays no or only a minor role. For organic 
compounds, namely polar DBPs a slight increase of rejection at increased pH was ob-
served. The authors assume that transport through the membrane is facilitated by H-
bonding between membrane polymer and DBPs. Increased hydroxide concentrations at 
high pH may interfere with H-bonding between membrane and solute resulting in a rise 
of rejection. In contrast, no effect of pH changes was seen for hydrophobic DBPs. Since 
adsorption is considered the main rejection mechanism, minor changes of surface charge 
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and pore size due to changing pH is not affecting adsorption. Similar to the aforemen-
tioned study Fujioka et al. (2014b) observed a small increase of rejection for NDMA (9%) 
with a large pH shift from 5 to 9.5; but only negligible effect for other N-nitrosamines. In 
contrast, a clear effect of solution pH on rejection of perfluorinated organic compounds 
(PFCs) (pKa ≈ 3) was shown particularly for loose/low desalting LPRO membranes. In fact, 
rejection was low at pH 3 due to the ineffectiveness of electrostatic repulsion. Under this 
condition, PFCs are only slightly charged and the membrane’s charge ranges around the 
point of zero charge (isoelectric point). Hence, at low pH mainly size exclusion affects re-
jection. With increasing pH PFCs dissociate and membrane charge gets increasingly neg-
ative, which consequently leads to increasing charge repulsion and thus increasing rejec-
tion (Chen et al. 2014). An indirect effect of pH in the presence of organic matter (hydro-
phobic acid organic matter, HpoA) was described by Jin & Hu (2015), who observed an 
increase in the rejection of estrone when the pH was raised from 7 to 10.4. Even though 
50% of estrone was dissociated the charge effect was not so pronounced. Instead, the 
HpoA played an important role since it showed an extended conformation at high pH. 
This resulted in a strong association of the undissociated 50% fraction of the estrone with 
HpoA. Since HpoA was well rejected by size exclusion a high rejection for estrone was 
observed as well. 
 
1.3.2.2 Ionic strength 
The impact of the ionic strength of a feed solution on NF/RO membrane filtration, namely 
the screening of the membrane charge, was already reported more than a decade ago 
(Schäfer et al. 2003). Another effect was described in the literature, showing the reduction 
of the hydrodynamic radius of polar solutes under high ionic strength conditions, which 
led to a smaller apparent solute size (Bargeman et al. 2005). 
More recent studies found no discernable impact of IS on DBPs rejection by either NF or 
RO except a small increase by 15% in the rejection of dichloroacetamide by NF when IS 
was raised from 7 to 70 mM (Doederer et al. 2014). Haloacetamides (HAcAMs) may inter-
act with the membrane polymer by H-bonding. Additionally, the membrane’s negative 
charge may direct the opposite charge of the compounds dipole towards the surface and 
in that way facilitate entry into the pore and thereby promote transport across the mem-
brane. In case of high ionic strength increased shielding of the negative charges of the 
membrane by counter ions in solution as well as the compression of the electric double 
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layer are resulting in a reduced surface charge. Thereby interaction of HAcAMs with the 
membrane is reduced leading to improved rejection. The shielded membrane charge may 
also result in less directing of the compound’s dipole towards the membrane surface and 
into the pores, which consequently increases rejection. Regarding RO it was assumed that 
the impact was perhaps too small to show significant changes in DBP rejection by RO. 
(Doederer et al. 2014) 
Another impact of solution ionic strength was reported by Jin & Hu (2015) who studied 
estrone rejection by NF in the presence of hydrophobic acid organic matter (HpoA). At 
neutral pH the ability of HpoA macromolecules to improve estrone rejection became 
stronger with increasing ionic strength due to their more extended conformation, which 
created more chances for the association between estrone and HpoA. 
 
1.3.2.3 Organic matter 
The impact of organic matter (e.g. effluent organic matter, EfOM) in the feed water on the 
rejection of TrOCs by NF/RO has been known for quite some time and studied extensively 
(Azais et al. 2014, Comerton et al. 2009, Feng et al. 2014, 2015, Jin et al. 2007, 2010, Jin and 
Hu 2015, Nghiem et al. 2008, Nghiem and Hawkes 2007, Nghiem et al. 2005a, Nghiem et 
al. 2005b, Zazouli et al. 2009). Jin & Hu (2015) identified hydrophobic acid organic matter 
as the organic fraction with the most crucial impact on the enhancement of estrone re-
jection by NF/RO. In their most recent study, it was shown that the rejection of estrone by 
NF significantly improved in the presence of hydrophobic acid organic matter (HpoA) at 
all pH and ionic strength levels. At neutral or alkaline pH this enhancement effect is gov-
erned by steric size exclusion due to binding of estrone to the HpoA macromolecules by 
hydrogen bonding as well as charge repulsion. Azais et al. (2014) observed an improve-
ment of rejection for PhACs when filtering MBR effluent compared to Milli-Q water partic-
ularly for loose NF membranes. The increase in rejection was attributed to solute-solute 
interactions by hydrogen bonding and hydrophobic interactions between the organic 
compounds and organic macromolecules (EfOM), which consequently led to enhanced 
sieving effects. Similar observations were reported for the removal of triclosan from a real 
surface water with added humic acid due to TCS-HA complexation (Ogutverici et al. 2016). 
Although simultaneously occurring cake-enhanced concentration polarisation affected 
PhACs rejection, the CECP mechanism is offset by the above mentioned enhanced sieving 
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effects due to the formation of EfOM-PhAC complexes and hence the PhACs removal in-
creases (Azais et al. 2014). 
 
1.3.2.4 Presence of divalent ions 
The presence of divalent ions and particularly Ca2+ (also referred to as “calcium”) and the 
resulting impact on TrOCs removal by NF/RO has also been studied extensively (Azais et 
al. 2014, Mahlangu et al. 2014a, Mahlangu et al. 2014b, Mo et al. 2015). In a recent study, 
Mahlangu et al. (2014) showed the impact of Ca2+ on organic and colloidal fouling. The 
addition of CaCl2 altered the fouling layer (Azaïs et al. 2016, Mahlangu et al. 2016) and 
reduced CECP effects (Mahlangu et al. 2016). Furthermore, aggravated fouling occurred 
in the presence of calcium due to specific organic-calcium complexation (Mahlangu et al. 
2016). The impact of the presence of divalent ions is discussed in more detail in section 
1.3.5 (Fouling). 
 
1.3.2.5 Presence of foulants 
The feed water of a membrane process may contain constituents showing the potential 
of causing membrane fouling. These can be organic matter, colloids, salts (carbonates, 
sulfates), and constituents promoting biological fouling. The effects caused by these con-
stituents in the feed water will be discussed in detail in section 1.3.5 (Fouling). 
 
1.3.2.6 Temperature 
The feed temperature for a membrane process in wastewater reclamation and drinking 
water treatment may be subject to considerable seasonal variation and also substantially 
depends on the geographical location of the treatment plant (hot or cold climate). The 
importance of this fact is emphasised by several reports on the impact of temperature on 
the rejection of TrOCs. (Dang et al. 2014b, Doederer et al. 2014, Fujioka et al. 2014c) 
The feed temperature was shown to exert a significant impact on membrane pore radius 
of the NF270 membrane which increased from 0.39 to 0.44 nm when the temperature 
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rose from 20 to 40 °C (Dang et al. 2014b). This effect was attributed to a thermal expan-
sion of the membrane polymer as well as an additional alteration of the thickness and 
porosity of the active layer. 
Dang et al. (2014b) also note that with increasing temperature of the feed solution, an 
increase of permeability due to a decrease of water viscosity occurred. A great impact on 
rejection, namely a decrease was observed for neutral solutes due to less effective size 
exclusion. Also, there was an impact of temperature on rejection of negatively charged 
TrOCs, particularly smaller ones, but it was less pronounced than for neutral TrOCs. In 
addition to the reported rise in pore size, an increase of the diffusion coefficient with in-
creasing temperature leading to lower rejection was observed. There seems to be also a 
greater impact of solution temperature on the rejection of moderately rejected solutes. 
(Dang et al. 2014b) 
Similar to Dang et al. (2014b), Fujioka et al. (2014b) also discovered a considerable impact 
of solution temperature when testing the rejection of N-nitrosamines in a RO pilot scale 
study and thereby confirmed the results of a previous lab-scale study. When rising the 
feed temperature from 10 to 35 °C the rejection considerably dropped by up to 50%, par-
ticularly for small to medium sized N-nitrosamines. For cold climates (10 °C) the rejection 
of NDMA was 40%; other N-nitrosamines were rejected by more than 80%. In contrast, for 
hot climates (wastewater temperature 30 to 35 °C) rejection of NDMA was negligible, 
while the other N-nitrosamines exhibited a rejection of 30 to 80%. The observed changes 
of rejection with changing feed temperature confirm that the active skin layer or separa-
tion layer of the RO membrane is subject to change its physicochemical characteristics 
(Sharma et al. 2003). Furthermore, the drop of solute rejection can be attributed to in-
creasing permeability coefficients of the solutes due to increasing feed temperature 
(Tsuru et al. 2010). 
In accordance with the abovementioned studies Doederer et al. (2014) also reported a 
considerable drop of rejection with increasing temperature and discuss a number of 
mechanisms in order to explain their observations. An increase of pore size with increas-
ing temperature due to polymer relaxation (Sharma et al. 2003) was assumed, which was 
supported by the observed increase of permeability after correcting for viscosity. This af-
fects mainly neutral solutes due to a reduced size exclusion effect, which confirms the 
abovementioned observations of Dang et al. (2014b). The impact of temperature increase 
on rejection was greater for compounds of smaller molecular volume/width since these 
particularly benefit from easier entry into the membrane matrix due to an expanded pore 
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size. Additionally, an increased diffusion rate into the membrane matrix as a result of the 
lower viscosity of the feed solution may also contribute to a reduced DBP rejection. In-
creased partitioning at high temperatures (Tan et al. 2002) was assumed to explain the 
higher sensitivity of iodinated trihalomethanes (I-THMs) to temperature changes than 
other DBPs. 
 
1.3.3 Impact of solute characteristics  
1.3.3.1 Molecular weight 
Depending on the MWCO of the membrane, the MW is an important first indicator 
whether a solute will be rejected or permeate through that membrane. Generally, rejec-
tion increases with increasing MW (Chen et al. 2014, Dang et al. 2014a, Fujioka et al. 2014c, 
Kong et al. 2016), however, exceptions exist. The MW is most important for neutral so-
lutes, particularly hydrophilic ones (Fujioka et al. 2015a). Similar findings were reported 
by Simon et al. (2013a) who showed that rejection of neutral hydrophilic and moderately 
hydrophilic neutral TrOCs (logD > 3) by the NF270 and NF90 membranes is predominantly 
governed by the membrane porosity and the MW of the TrOCs. Chen et al. (2014) ob-
served a large influence of MW on rejection, particularly for loose and low desalting LPRO 
membranes. However, the authors state rejection may be better explained by considera-
tion of molecular size (height/width, see section 1.3.3.2 below) in addition to molecular 
weight. 
 
1.3.3.2 Molecular size (length and width)/molecular volume 
As discussed in the previous section MW is an important parameter for the evaluation of 
the rejection potential of a membrane for a given solute. However, MW does not always 
correlate with the actual size, i.e. molecular length and width of a molecule. Therefore it 
is essential to know the molecular size parameters in addition to MW. This was reported 
by Chen et al. (2014), who observed a good correlation of MW with molecular length (ML) 
for PFCs and non PFCs. Hence, there was a large influence of molecular length/width on 
the rejection of PFCs and non PFCs, particularly for the loose low desalting LPRO mem-
brane. An increase of rejection of hydrophilic neutral and hydrophilic negatively charged 
compounds with increasing molecular width was shown by Dang et al. (2014a). Another 
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study found that of the various physicochemical parameters studied, molecular volume 
shows the best correlation with permeate flux and rejection of pesticides and derivatives 
for the NF90 membrane tested (Hidalgo et al. 2016). 
 
1.3.3.3 Minimum projection area/Equivalent width  
The minimum projection area (MPA) is a relatively new parameter and it was first used to 
correlate compound size and rejection (e.g. Fujioka, et al. 2015a). These authors carried 
out a study with RO membranes of different membrane materials, namely polyamide, the 
most widely used material for NF/RO, and cellulose triacetate. They observed a good cor-
relation of the rejection of n-nitrosamines with MPA for the polyamide RO membrane. For 
the cellulose triacetate RO membrane correlation of rejection of n-nitrosamines with MPA 
showed to be worse than for the polyamide RO membrane since the largest compounds, 
N-nitrosodipropylamine (NDPA) and N-nitrosodi-n-butylamine (NDBA), did not fit the cor-
relation curve. The authors assumed these compounds might adsorb more progressively 
leading to an increased diffusion across the membrane and consequently a decreased 
rejection. 
Simon et al. (2013a) correlated the rejection of hydrophilic and moderately hydrophilic 
neutral TrOCs by NF270 and NF90 membranes to their molecular dimensions, namely 
equivalent width, which is ‘defined as √S/2, where S is the minimum area of a rectangle 
enclosing the projection of the molecule on the plane perpendicular to the length-axis’. 
The rejection of the studied TrOCs increased with their equivalent width due to steric hin-
drance. 
 
1.3.3.4 Charge 
Charge is a quantitative measure of the strength of an acid in solution i.e. the larger pKa 
the smaller the extent of dissociation at any given pH. Therefore, the pKa value of a com-
pound is a particularly important parameter in relation to the feed pH. Solutes that disso-
ciate in the range of feed pH become ionic. As a consequence, electrostatic interactions 
between solutes and a (charged) membrane surface come into effect. These electrostatic 
interactions, often referred to as charge repulsion, is an important rejection mechanism 
that is entirely ineffective to neutral compounds (Dang et al. 2014a). 
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Chen et al. (2014) showed a greatly enhanced rejection of PFCs in dissociated state, PFCs 
are ionic at pH > 3, by a significantly greater efficacy of electrostatic exclusion. The authors 
also observed a greater influence of the electrostatic charge effect for loose membranes 
(Chen et al., 2014). In pH experiments with the NF270 and ESPA2 membranes Dang et al. 
(2014a) observed higher rejections for most charged TrOCs compared to neutral species, 
which was attributed to electrostatic repulsion. 
 
1.3.3.5 Hydrophobicity/hydrophilicity 
Some basic information on hydrophobicity/hydrophilicity of membranes has already 
been given in section 1.3.1.3. These are generally applicable to solutes as well. 
Hydrophobicity and hydrophilicity of a solute are used to describe their attraction or ab-
sence thereof to adsorb to a membrane surface. Hydrophobicity and hydrophilicity 
strongly depend on pH and are closely associated with hydrophobicity/hydrophilicity of 
the membrane surface or even the surface of a covering fouling layer. 
Chen et al (2014) showed the impact of hydrophobic adsorption on the rejection of PFCs 
particularly for loose membranes for which the size exclusion effect is less pronounced. 
A high hydrophobic adsorption of the solutes to the membrane surface was proposed as 
an initial rejection mechanism. However, the authors suggested a possible slippage of 
PFCs through the membrane, partially due to the slender molecular structure of these 
compounds. Governed by steric forces and/or diffusion a lower overall rejection for hy-
drophobic compounds was observed. In contrast, hydrophilic NFCs were better retained 
since they did not adsorb to the membrane. A similar observation, i.e. an increase of re-
jection with increasing hydrophilicity was reported by Dang et al. (2014a). On the other 
hand, hydrophobic TrOCs adsorbed to the membrane surface which led to increased par-
titioning of these compounds into the membrane. Consequently, a rise in transport 
through the membrane occurred resulting in a lower rejection (Dang et al. 2014a). How-
ever, these authors did not see a strong correlation between adsorption and the hydro-
phobicity of TrOCs. Additionally, there was no correlation between adsorption and logD 
(both for hydrophilic and hydrophobic compounds). This was attributed to the existence 
of other impact factors (physicochemical characteristics of TrOCs and the membrane ma-
terial), such as molecular size and charge of the compounds as well as pore size, charge, 
and surface roughness properties of the membranes. These parameters exerted a con-
siderable influence on the adsorption of TrOCs to the membranes. (Dang et al. 2014a) 
 
 
Introduction 
25 
 
1.3.4 Impact of operational characteristics 
1.3.4.1 Transmembrane pressure/permeate or transmembrane flux 
The transmembrane pressure (TMP) is the driving force that facilitates the separation pro-
cess in membrane systems like NF/RO. TMP is the pressure difference between feed and 
permeate stream. The permeate flux or transmembrane flux (TMF) is according to Darcy’s 
law directly proportional to the TMP. 
Rejection of solutes is largely influenced by TMP/TMF, which generally results in an in-
crease in rejection with increasing TMP/TMF (Doederer et al. 2014, Fujioka et al. 2013b, 
Fujioka et al. 2014c, Kong et al. 2016). This is in accordance with the irreversible thermo-
dynamics model, which states that the increase in water flux is larger than that of the 
solutes (Fujioka et al. 2013b, Fujioka et al. 2014c). As stated above, rejection increased 
with increasing TMP for all DBPs, except for triiodomethane (TIM) for the RO membrane 
and TIM and bromodiiodomethane (BDIM) for the NF membrane (Doederer et al. 2014). 
For these adsorptive compounds, e.g. the iodo-THM, their increased solute–membrane 
affinities led to a lower range of rejection as a function of flux since their diffusive flux 
increases with the water flux. This effect was proposed by Déon et al. (2013) who showed 
an increase of solute concentration on the membrane surface with increasing pressure 
(that induces increasing flux) leading to a higher concentration gradient and consequently 
a decrease in rejection. In contrast, for non-adsorbing compounds, a wide range of rejec-
tion was seen as a function of flux. That means, at low TMF the diffusive flux is large com-
pared to the water flux whereas at high TMF the diffusive flux is low compared to water 
flux. For the well rejected larger DBPs only a small impact of flux on rejection was ob-
served for both NF and RO membranes. Doederer et al. (2014) and Kong et al. 2016) 
showed a great dependence of rejection on applied pressure (and water flux) and, hence, 
at higher pressure a higher rejection of hormonally active agents and PhACs was observed 
both for the HL and NF270 membranes tested. The impact of pressure on rejection was 
greater for hormonally active agents than for PhACs since hormonally active agents are 
of smaller MW than the PhACs examined in the study (Kong et al. 2016). 
 
1.3.4.2 Cross-flow velocity/recovery/concentration polarisation 
Cross flow filtration is a very common type of filtration in the purification of water. It is 
characterised by a tangential flow of the feed across the membrane surface being able to 
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wash away rejected solutes and particles. The velocity of this tangential flow may substan-
tially impact the filtration process (Drazevic et al. 2014). NF/RO are pressure and concen-
tration driven processes so enhanced concentrations at the membrane surface may sig-
nificantly affect the membrane performance, namely flux reduction and solute removal 
(Bouchoux et al. 2005, Déon et al. 2013).  
Hydrodynamic conditions (cross-flow velocity, CFV) and the resulting concentration polar-
isation phenomena may significantly affect water permeability and removal of organic 
solutes in cross-flow NF, hence making them important optimisation parameters 
(Drazevic et al. 2014). The authors observed that a change in CFV affected rejection of 
small solutes a lot more than that of larger solutes, which is due to low friction between 
the pore wall and small solutes leading to a high solute flux. This, in turn, results in a high 
sensitivity to changes in solute concentration at the membrane surface. In contrast; for 
large solutes friction between the pore wall and solute is high resulting in a low solute flux 
and consequently in a low sensitivity to changes in solute concentration at the membrane 
surface. This observation was confirmed by Doederer et al. (2014) who did not see an 
effect of changing CFV on rejection of larger molecules and adsorbing solutes (THMs). In 
general, there was no discernable impact on rejection of DBPs for an NF membrane when 
CFV was varied apart from a slight increase of rejection for dihaloacetonitriles (DHANs) 
(8 to 11%) when CFV was 4 times higher. The underlining mechanisms of the observations 
are the reduction of the concentration polarisation layer by the increase of CFV. The ad-
sorbing solutes interact with the membrane material inside the active layer of the mem-
brane so they are not affected by changes to the concentration polarisation layer induced 
by increased turbulence with increased CFV. 
A decrease of rejection with increasing recovery was reported in the literature (Fujioka et 
al. 2014b, Verliefde et al. 2009). This is due to an accumulation of rejected solutes toward 
the exit of the feed stream. With a simultaneous reduction of the cross-flow velocity in 
order to increase recovery concentration polarisation increases towards the tail-end par-
ticularly of the last stage of a membrane skid. 
 
1.3.5 Impact of fouling on rejection 
The prevention of fouling remains an unsolved problem in membrane water treatment 
applications resulting in high operational costs and low product efficiency (Lee et al. 2016). 
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There are four basic types of fouling, namely organic, colloidal, inorganic and biological 
fouling. Under fouling conditions, membrane rejection behaviour of small organic solutes 
is particularly complex and rejection predictions are difficult. This is underlined by often 
contrary observations, i.e. decrease (Verliefde et al. 2013, Xu et al. 2006a) as well as in-
crease (Schäfer et al. 2002, Verliefde et al. 2009, Yangali-Quintanilla et al. 2009) in rejection 
of TrOCs by fouled membranes. Mahlangu et al. (2016) have listed several factors/inter-
actions potentially impacting on rejection of TrOCs by a fouled membrane: 
1. Adsorption of the organics onto foulant molecules or the fouling layer leads to an 
improved rejection due to hindered partitioning and diffusion across the mem-
brane (Schäfer et al. 2003, Yangali-Quintanilla et al. 2009). Interaction of the solutes 
and NOM may be governed by the formation of hydrogen bonds, van der Waals 
interactions and dielectric interactions (Neale et al. 2008); 
2. Hindered back-diffusion of the trace organics in the fouling layer may lead to cake-
enhanced concentration polarisation. An increased concentration gradient of the 
solutes between the feed and permeate side of the membrane results in an in-
creased partitioning of the organics into the membrane, and transport to the per-
meate side, effecting in lower rejections (Lee et al. 2006, Lee et al. 2004, Yangali-
Quintanilla et al. 2009); 
3. Changing membrane surface characteristics impact trace organics transport: en-
hanced sieving effects (due to pore blocking/pore constriction), increased/de-
creased electrostatic effects (due to different surface charge characteristics of 
membrane and fouling layer), and non-electrostatic, affinity interactions will be 
subject to change due to the altering of the membrane surface properties. 
4. The impact of flux reduction, considered as one of the major implications of foul-
ing, on rejection of organic solutes has often been overlooked in previous studies. 
(Boussu et al. 2006, Hajibabania et al. 2011, Paul 2004, Verliefde et al. 2009). The 
solution-diffusion model shows a direct proportionality between flux and solute 
rejection so an observed decrease in rejection might be solely due to a decrease in 
flux. Hence, a flux correction of rejection data might reveal an observation in a 
different light. The authors concluded to compare trace organic rejection of fouled 
and unfouled membranes at the same flux in order to determine the real implica-
tions of fouling on solute rejection. 
Studies published in literature often do not only deal with single foulants but rather com-
bine foulants out of the four types of fouling described above. This combined fouling will 
be described within the following sections where applicable. 
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1.3.5.1 Organic fouling 
In this section, the implications of organic fouling on NF/RO membrane filtration will be 
discussed. Studies were carried out with secondary or tertiary treated wastewater (Azais 
et al. 2014, Azaïs et al. 2016, Fujioka et al. 2013a, Simon et al. 2013b), synthetic 
wastewater/foulants (Azaïs et al. 2016, Fujioka et al. 2013a, Simon et al. 2013b), in the 
presence and absence of divalent ions such as Ca2+ (Azaïs et al. 2016, Mahlangu et al. 
2014a), and considering combined fouling (Mahlangu et al. 2014a). 
Feng et al. (2015) carried out fouling tests with NF membranes which were fouled with 
algogenic organic matter (AOM). Fouling enhanced naproxen removal due to extended 
charge repulsion, since the surface of the fouling layer is more negatively charged. Hence, 
with increasing fouling layer thickness the interaction changes from naproxen-membrane 
over to naproxen-fouling layer. Similar results, i.e. surface properties such as charge 
(Azais et al. 2014) and hydrophobicity (Azais et al. 2014, Bellona et al. 2010, Comerton et 
al. 2009, Mahlangu et al. 2014a) of a fouled membrane are determined by the overlaying 
fouling layer were reported in literature. 
In accordance with Feng et al. (2014), an increase in rejection (20%) for NDMA was ob-
served for a membrane fouled by bulk organic matter from an MF permeate compared 
to the clean solution (Fujioka et al. 2014c). Simon et al. (2013b) studied organic fouling by 
synthetic wastewater and secondary effluent for the NF270 membrane and attributed the 
observed considerable increase in carbamazepine rejection to pore blocking. Azais et al. 
(2014, 2016) also observed an increase in rejection both for a loose (NF270) and a tight 
(NF90) NF membrane when filtering membrane bioreactor (MBR) effluent. These results 
were explained by the association of organic macromolecules with the PhACs (solute-so-
lute interaction) forming complexes, which in turn were leading to an additional sieving 
effect or charge repulsion (solute-membrane interaction). PhAC-EfOM complexation lead-
ing to an enhanced size and hence better rejection was also observed in previous studies 
(Comerton et al. 2009, Sadmani et al. 2014). These mechanisms are thought to offset the 
simultaneously occurring CECP phenomenon and eventually resulting in a higher rejec-
tion. Additionally, this increase in rejection was higher for the loose NF270 than for the 
NF90 (Azais et al. 2014, Azaïs et al. 2016). 
Azais et al. (2014) observed lower rejections for PhACs for pre-fouled (secondary effluent) 
NF270 membranes and attributed this to the cake-enhanced concentration polarisation 
effect. The results are consistent with previous observations from Kimura and co-authors 
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(Kimura et al. 2009), who concluded that the MBR process would be the favourable pre-
treatment for NF/RO over the conventional activated sludge process followed by UF. The 
significance of CECP on solute rejection by relatively loose NF membranes such as the 
NF270 has also been pointed out for other TrOCs like pesticides (Plakas and Karabelas 
2012). 
Mahlangu et al. (2014a) conducted extensive fouling tests with carbamazepine for or-
ganic, colloidal, combined fouling, and the presence or absence of Ca2+ as well as compar-
isons with modelling results using the NF270 membrane (Mahlangu et al. 2014a). In gen-
eral, fouling (organic, colloidal and combined fouling) altered the performance of NF270 
membranes in terms of permeate flux and carbamazepine rejection. Fouling by alginate 
and Al2O3 led to carbamazepine rejection below that predicted by the solution-diffusion 
model but fitted predicted rejections by the cake-enhanced concentration polarisation 
model except in the presence of Ca2+ ions. This is seen as evidence of CECP. In contrast, 
no CECP effect was observed for combined fouling by Al2O3 + alginate (regardless of the 
presence of Ca2+) due to the formation of dense “separating” layers that reject carbamaz-
epine. The strong impact of the presence of Ca2+ ions (0.5 mM) on carbamazepine rejec-
tion was shown in alginate fouling tests. For example, rejection seems to or really declines 
in the absence of calcium ions by 70% over time, whereas with Ca2+ in the feed solution a 
13 % rejection decline was observed, when not flux corrected. After flux correction, the 
apparent rejection decline for carbamazepine turns into an increase in rejection. Accord-
ing to the authors, flux and CECP were not the only factors explaining rejection, but also 
hydrophobic interactions between solute and membrane were effective. The membrane 
hydrophobicity increased due to fouling and hence one would expect higher solute-mem-
brane interactions between the slightly hydrophobic carbamazepine and the membrane. 
Enhanced non-electrostatic solute-membrane affinity could lead to an increase in the par-
titioning of carbamazepine into the foulant/membrane matrix and thus result in a de-
crease in overall rejection of carbamazepine. This mechanism has been previously re-
ported (Verliefde et al. 2007a). In contrast to the study described above (Mahlangu et al. 
2014a), Azais et al. (2016) conducted experiments using more realistic and therefore 
higher feed calcium concentrations (8 mM), which led to a diffuse and solute-permeable 
fouling layer. A lower rejection for the neutral TrOCs was observed, which was attributed 
to a preferential reaction of EfOM and calcium leaving a larger proportion of TrOCs un-
complexed than in the absence of calcium in the feed. 
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As noted in section 1.3.5, Mahlangu et al. (2014a) stated an important finding that some 
foulants improve solute rejection performance of the membrane when compared to the 
results of the clean membrane at the same flux (Mahlangu et al. 2014a). Hence, compari-
sons of rejection values of fouled membrane vs. clean membranes should always be un-
dertaken at similar flux values, which is in accordance with the findings reported by Azais 
et al. (2016). 
 
1.3.5.2 Colloidal fouling 
As already discussed in the previous section Mahlangu et al. (2014a) have also extensively 
studied colloidal fouling, again in the absence or presence of Ca2+, and its impact on the 
rejection of TrOCs by the NF270 membrane. A decline in carbamazepine rejection was 
observed when the membrane was fouled with colloidal latex in the presence (20%) and 
absence (41%) of 0.5 mM Ca2+. However, after flux correction, the decrease turned into an 
increase in real rejection! It is reported that the addition of CaCl2 altered the fouling layer 
and thereby reduced CECP effects, which in turn resulted in clearly less decline (not flux 
corrected) in rejection of carbamazepine. For the other colloidal foulant tested, namely 
Al2O3, a similar decline of the carbamazepine rejection was observed although latex 
caused clearly more flux decline than the aluminium oxide. For pure Al2O3 fouling, there 
could be CECP, but as soon as alginate and particularly when alginate and Ca2+ are pre-
sent, carbamazepine rejection significantly declines less as compared to the CECP model. 
Therefore, not CECP, but the formation of a dense layer is governing rejection, which 
means the effect of solute-membrane affinity becomes the dominant rejection mecha-
nism. 
Since there was no significant change of the membrane hydrophobicity when fouled by 
Al2O3, non-electrostatic affinity interactions would not be expected to play a major role, 
Al2O3 membrane fouling exerts on the rejection of carbamazepine. However, there are 
other inter-molecular interactions existing in addition to hydrophobic-hydrophobic inter-
actions. Accordingly, Mahlangu et al. (2014a) suggest to correlate trends in rejection to 
solute-membrane interaction energy and not just the contact angle with water. Attrac-
tive/repulsive forces are describable by the determination of interfacial free energy. After 
fouling (all types incl. combinations) interfacial free energy IFE is negative, which leads to 
an attraction of carbamazepine to the fouling layer. This results in more partitioning of 
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carbamazepine onto the fouled membrane surface due to increased affinity, eventually 
causing a reduced carbamazepine rejection. 
In another investigation, Mahlangu et al. (2014b) studied the impact of colloidal fouling 
(latex) on NF performance. Regardless of the presence of Ca2+, colloidal fouling did not 
influence the rejection behaviour of caffeine by the NF membrane. However, a minor in-
crease in rejection in the absence of Ca2+ due to the formation of an active latex layer was 
observed. Flux corrected, a significantly improved caffeine rejection by the membrane 
fouled with latex was revealed compared to the rejection by a virgin membrane at similar 
fluxes. According to the authors of the study, these findings show the need for a pre-
treatment prior to NF to avoid or reduce fouling. Additionally, membranes with better 
anti-fouling properties are necessary. 
Lin et al. (2014) studied the effects of silica fouling on the removal of PPCPs by NF/RO. 
Adsorption of ibuprofen, triclosan, and sulfamethoxazole as well a more hydrophilic 
membrane surface were observed. Furthermore, silica fouling on tight membranes (NF90 
and XLE) was able to improve the rejection of most PPCPs due to a dense fouling layer 
facilitating a synergistic steric hindrance by the fouled membrane. Therefore, transport of 
PPCPs across the membrane surface was reduced, implying that size exclusion was the 
dominating rejection mechanism. 
 
1.3.5.3 Inorganic fouling (scaling) 
During the filtration process with NF/RO membranes – depending on the composition of 
the feed solution – the concentration of various marginally soluble divalent and multiva-
lent salts may increase near the membrane surface due to their rejection by the NF/RO 
membrane (Shenvi et al. 2015). At the stage of supersaturation, i.e. when the solubility 
limit is exceeded these salts precipitate resulting in the formation of a scaling layer on the 
membrane surface (Hasson et al. 2001). Typical scale forming salts include barium sulfate, 
calcium carbonate, calcium sulfate, silica and ion salts. Anti-scalants addition is a widely 
accepted method to prevent scaling by increasing the threshold for the onset of scale 
formation (Semiat et al. 2003). 
There has been very limited research on the impact of scaling on TrOCs rejection. Scaling, 
if not mitigated, often leads to complete loss of flux. Hence, the impact on TrOC rejection 
becomes irrelevant. In chapter 4, a study on combined organic and inorganic fouling and 
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its impact on the rejection of TrOCs on a lab-scale basis and simulating a worst case sce-
nario is presented. 
 
1.3.5.4 Biological fouling 
Garcia-Vaquero et al. studied drinking water treatment by NF using a conventionally 
treated surface water as feed (Garcia-Vaquero et al. 2014). According to the authors, res-
ervoir water has a strong hydrophilic composition due to protein-like substances that can 
promote biofouling. The NF membranes effectively removed the hydrophobic fraction 
(66%) whereas the hydrophilic fraction remained in the permeate. The latter fraction 
tends to promote biofouling so the biofouling propensity was not eliminated by rejection 
of a large proportion of the hydrophobic fraction. 
Similar to inorganic fouling (scaling), as noted in section 1.3.5.3, research on the impact of 
biofouling on the rejection of TrOCs is also very limited. This is largely due to the extensive 
effort that needs to be taken to simulate biological fouling. 
 
1.3.6 Impact of membrane cleaning on rejection 
As discussed in the previous section membrane fouling remains an inseparable part of 
membrane filtration processes. The outcome of this is the necessity of membrane clean-
ing. For a cleaning procedure, suitable cleaning agents are often combined or applied 
subsequently to restore the membrane performance. Commonly used membrane clean-
ing reagents include acidic, caustic, surfactants and metal chelating reagents (Simon et al. 
2013a). Cleaning reagents may affect membrane morphology as well as the rejection of 
TrOCs, which will be discussed in the sections below. 
 
1.3.6.1 Changes of membrane morphology due to cleaning 
Simon & Nghiem (2014) have undertaken extensive studies on the implications of mem-
brane cleaning on the membrane morphology. Scanning electron microscope-electron 
dispersive spectroscopy (SEM-EDS) analysis demonstrated the presence of chlorine within 
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the membrane polymeric matrix after being exposed to hypochlorite. It was shown that 
membrane chlorination leads to a destruction of hydrogen bonds of C=O and N-H groups. 
Interestingly, both an increase and a decrease of the contact angle were observed, de-
pending on the hypochlorite concentration. A low concentration (100 mg/L hypochlorite) 
led to a large increase in the hydrophobicity, while at 2,000 mg/L hypochlorite hydropho-
bicity tended to decrease. The authors proposed two respective mechanisms underlining 
the influence of chlorination on membrane hydrophobicity. Firstly, at a low chlorine con-
centration, N-chlorination occurs resulting in a reduction of the hydrogen bonding sites. 
And secondly, the exposure of the membrane to high chlorine concentrations may lead 
to the presence of unbalanced dipole moments and/or the dissolution of the coating 
layer. Additionally, a considerable decrease of the surface roughness after hypochlorite 
treatment was observed, which was attributed to the conformational rearrangement of 
the polymeric chains of the polyamide active skin layer. It was concluded that changes in 
membrane surface morphology are likely to be affected by various structural parameters 
including thickness and actual chemical composition of the polyamide skin layer (Simon 
and Nghiem 2014). 
Simon et al (2013a) also examined the impact of caustic cleaning agents on permeability, 
which increased significantly (NF270) and slightly (NF90), respectively. This was caused by 
an increase in average pore radius for the NF270 due to the high pH. That leads to a fur-
ther deprotonation of the functional groups (COOH and NH) resulting in more negative 
charge moieties in the active skin layer of the membrane. Consequently, conformational 
rearrangements of the polyamide structure occur leading to an increase in pore size. Si-
mon et al. (2009) reported a considerable increase in permeability due to hysteresis, par-
ticularly when the membrane has a very thin active skin layer. For the NF90 membrane, 
an increase in surface hydrophilicity was observed. 
 
1.3.6.2 Impact on rejection of TrOCs due to cleaning 
The impact of membrane cleaning on the rejection of TrOCs had been largely overlooked 
until Simon & Nghiem (2014) conducted several comprehensive studies and shed light on 
this important field of membrane research. So they observed a small increase in sulfa-
methoxazole rejection by all four membranes tested after they had been exposed to a 
low concentration (100 mg/L) of hypochlorite. This observation was attributed to a “tight-
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ening up effect” previously proposed by Kang and co-authors (Kang et al. 2007). Addition-
ally, exposure to hypochlorite led to a significant increase in the membrane charge density 
(Simon et al. 2009). Hence, charge repulsion is enhanced as well, which consequently re-
sults in an increase in rejection of negatively charged solutes (Simon and Nghiem 2014). 
When exposing the membrane to a higher concentration of hypochlorite (2,000 mg/L) a 
detrimental effect on the membrane separation capacity was proposed since the mem-
brane showed a considerable decrease in rejection over filtration time. This was assumed 
to be due to a possible rearrangement of the polyamide chains under the influence of 
chlorine degradation and filtration pressure. It was shown that both the positive and neg-
ative impact of hypochlorite exposure was more significant for the neutral carbamazepine 
than that of the negatively charged sulfamethoxazole. According to the results obtained 
the loose nanofiltration membrane NF270 exerts a higher sensitivity to chlorine exposure 
than the other tight NF and the two RO membranes tested (Simon and Nghiem 2014). 
Simon et al (2013a) also conducted a study on the impact of caustic cleaning formulations 
(CCFs) on the rejection of three groups of TrOCs, namely neutral hydrophilic, neutral hy-
drophobic, and negatively charged compounds. A significant decrease in the rejection of 
neutral hydrophilic TrOCs was observed for the NF270 membrane. The membrane’s high 
sensitivity to caustic cleaning was attributed to its very thin and loose active skin layer. In 
contrast, caustic cleaning did not affect the pore size of the NF90 membrane due to the 
thicker active skin layer. Hence there was no impact on rejection of TrOCs for the NF90. 
Out of the three groups tested, neutral hydrophobic TrOCs were the most significantly 
affected group by caustic cleaning. Initially, a strong adsorption to the membrane oc-
curred, whereas after 24 h rejection was predominantly controlled by size exclusion. In 
addition, the rate of adsorption and the total possible mass adsorption of TrOCs to the 
membrane matrix is affected by the increase of hydrophilicity and/or pore size. Conse-
quently, this leads to enhanced diffusion of hydrophobic TrOCs. For the negatively 
charged TrOCs, the impact of caustic cleaning was least pronounced out of the three 
groups of compounds tested. A small but discernible decrease in rejection was observed 
after exposure of the NF270 membrane to CCFs. This variation is predominantly at-
tributed to enlargement of the membrane pore size. There was no discernible impact of 
caustic cleaning on the charge for the NF270 and the NF90. Furthermore, caustic cleaning 
did not affect the rejection for the NF90 membrane which is consistent with the impact of 
caustic cleaning on the pore size (Simon et al. 2013a). 
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Another study by Simon et al. (2013b) dealt with fouling and cleaning tests. A slight in-
crease of the rejection of SMX due to fouling was observed. Further successive fouling and 
caustic cleaning did not significantly influence SMX rejection due to charge repulsion be-
ing the predominant rejection mechanism. Hence, the impact of pore enlargement was 
minimal. The observed permanent increase in SMX rejection was probably due to the ad-
sorption of negatively charged foulants to the membrane polymer. An interesting obser-
vation was the fact that cleaning could not recover the membrane charge and hydropho-
bicity to the state of the virgin membrane. For carbamazepine the impact of two repetitive 
fouling-cleaning cycles on rejection was different. This was presumed to be due to a pro-
gressive modification of the membrane surface, i.e. adsorption of negatively charged and 
hydrophobic foulants and/or an escalating impact of caustic cleaning on the membrane 
polymer (Simon et al. 2013b). According to (Simon et al. 2013c) the severe decrease in 
rejection of CBZ might not be permanent. It was shown that a dual step cleaning (caustic 
followed by acidic cleaning) may be applied in order to minimise the impact of caustic 
cleaning. 
 
1.3.7 Validation at pilot and full scale systems 
Comparing the number of studies on the rejection of TrOCs by NF/RO during 2014 and 
2016 overwhelmingly shows the prevalence of lab-scale over pilot-scale studies. This is 
clearly demonstrated in Figure 1-3. 
Bellona et al. (2012) noted the limitations of bench-scale studies, often using flat-sheet or 
dead-end filtration cells. It was suggested to perform long-term investigations at pilot-
scale using spiral wound membrane elements with real feed water available at a full-scale 
water reuse facility. Results from Fujioka et al. (2014c) show differences in rejection of N-
nitrosamines between lab-scale study (flat sheet membranes) and pilot-scale study (spiral 
wound membranes). Rejections at pilot-scale were lower due to a significantly higher sys-
tem recovery used on pilot-scale, which is in accordance with Fujioka et al. (2015b) and 
Verliefde et al. (2009). The impact of recovery was discussed in section 1.3.4.2. 
Consequently, there is a need for more pilot-scale or even full-scale testing in order to 
overcome the abovementioned limitations of bench-scale studies and produce reliable 
data that represent real live conditions of full-scale applications. 
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Figure 1-3: Numbers of studies with regard to TrOCs removal by NF/RO conducted on lab scale 
vs. pilot scale between 2014 and 2016 (total number of studies = 48) 
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2 Membrane fouling in the nanofiltration of landfill 
leachate and its impact on trace contaminant removal 
2.1 Introduction 
Waste generation and hence its management have been part of human existence on 
earth for thousands of years. Landfilling, i.e. disposal of the waste on or beneath the 
ground, has, for several reasons, been the most widespread method of waste manage-
ment worldwide. Although alternative disposal technologies, such as incineration, are 
fully developed, to date, higher cost and limited capacities of those alternatives have led 
to an unbroken popularity of landfilling. In Australia, landfilling is the most common 
method of waste disposal and solid waste from almost all streams i.e. municipal, com-
mercial and industrial, construction and demolition, as well as controlled waste, are dis-
posed of in landfills (Newton et al. 2001). In 1996/97, a total amount of 21.2 million tonnes 
of solid waste was sent to landfills, corresponding to a per capita disposal rate of more 
than 1.1 tonnes per annum. More than 95% of the total solid waste generated was re-
ceived by landfills in some states and territories in 2001 (Newton et al. 2001). While there 
has been a considerable increase in recycling and waste diversion activities, this positive 
outcome has been offset by a steady increase in population. 
Beside the emission of landfill gas, the release of leachate is the major route of interaction 
of a landfill with the environment and therefore is considered to pose the greatest poten-
tial for environmental harm (Christensen et al. 1989). Leachate is predominantly gener-
ated from precipitation onto the landfill surface, the moisture of the waste itself and, to a 
limited extent, groundwater (if the bottom of the landfill is not lined) or other water infil-
tration (Bilitewski et al. 1997). During the percolation through the body of the landfill, the 
infiltrated water is severely contaminated with a complex mixture of organic and inor-
ganic contaminants. Therefore, leachate collection followed by an adequate treatment 
process is important for the protection of surface and subsurface watercourses and, de-
pending on legislation, required in many countries (Anonymous 1999). 
According to Bilitewski et al. (1997) all contaminated water that has been in contact with 
waste is defined as leachate. Its formation is the result of complex hydrodynamic and 
physico-chemical processes within the landfill body. The expected quantity and quality of 
the leachate depends on a number of factors, e.g. climate, moisture content of the waste, 
landfill operation, and landfill age. Within the landfill, water can be stored by the waste 
and due to biochemical processes water is mostly consumed since they mainly proceed 
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under anaerobic conditions (Bilitewski et al. 1997, Melin et al. 2005). Guideline figures for 
leachate generation of 31 to 58% of the precipitation were reported for landfills with un-
consolidated surface and 25 to 40% of the precipitation for landfills with compacted sur-
face (Bilitewski et al. 1997). 
Apart from the factors mentioned above, the characteristics of landfill leachate also de-
pend on a number of other parameters, such as waste composition, the biochemical de-
composition of the waste within the landfill, its pH range, and the amount of water re-
tained (Bilitewski et al. 1997). Thus, the leachate composition varies significantly among 
landfills. Leachate from municipal landfills typically contains 0.2 to 1.5% solutes, of which 
the largest portion (80 to 95 wt%) consists of monovalent salts (Dahm et al. 1994). Fur-
thermore, leachate may contain a large amount of inorganic nitrogen compounds, mainly 
as ammonia. A small portion (approximately up to 1 g/L) of the inorganic contents of 
leachate is made up by heavy metals. The remaining 5 to 20 wt% are made up of organic 
compounds. Christensen et al. (1989) classified leachate pollutants from a typical landfill 
receiving municipal and commercial wastes (not industrial waste) into four groups: (1) 
Common inorganic cations and anions; (2) Heavy metals; (3) Organic matter; and (4) Spe-
cific organic compounds (originating from household or industrial chemicals, present in 
relatively low concentrations, usually less than 100 µg/L). In particular, the occurrence of 
these specific organic compounds of the last group at trace level has attracted many in-
tensive research efforts over the last decade. These studies revealed that an extensive 
range of organic compounds such as plasticisers (phthalates), pesticides, pharmaceuti-
cals, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, flame retardants can 
be found ubiquitously in landfill leachate (Behnisch et al. 2001, Paxéus 2000, Yamamoto 
and Yasuhara 1999). This, once again, underlines the necessity of sufficient treatment of 
the leachate to avoid negative environmental impact. 
Most Australian landfills currently have an onsite pre-treatment process to reduce ammo-
nia prior to sewer disposal as trade waste. However, as landfills are being located further 
away from metropolitan areas and sewage treatment plants, it would be more cost-effec-
tive to have direct leachate disposal after being treated by advanced treatment processes, 
which can meet the very stringent discharge regulations required. In fact, this has been 
proven to be an effective approach in Europe, particularly in Germany. Amongst several 
technologies currently available for the treatment of landfill leachate, nanofiltration has 
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emerged as an attractive option since complementary combinations with pre-/post-treat-
ment can be more cost-effective than the reverse osmosis applications that are most com-
monly used at present (Melin et al. 2005). 
However, NF is not suitable as a single process in landfill leachate treatment since it has 
a low rejection for nitrogen compounds (Trebouet et al. 2001) and can be subjected to 
severe fouling. Hence, combined processes are used in full-scale applications. These ba-
sically contain a biological treatment (conventional nitrification/denitrification or sequenc-
ing batch reactor combined with sedimentation tank or ultrafiltration membrane for 
sludge retention) followed by the NF stage. However, it must be pointed out that for land-
fill leachate even a very comprehensive pre-treatment will not be able to completely elim-
inate potential fouling causing constituents. Thus, fouling will always be a part of mem-
brane applications in the treatment of polluted water. 
Membrane fouling can be defined as irreversible flux decline (and thus loss of perfor-
mance), which can only be removed by physical and chemical cleaning. Fouling in NF is a 
very important factor due to its negative impact on the competitiveness of the process. 
Generally fouling can be categorised as organic, inorganic, particulate, and biological foul-
ing (Schäfer et al. 2005). Depending on the pre-treatment, organic and inorganic fouling 
probably exhibit the most significant impact on the application of NF for landfill leachate 
treatment, for which the fouling potential has been found to be high, reflected by the 
fouling index ranging between 3.5 and 5.4 (Trebouet et al. 1999). Due to the high concen-
trations of organic matter in landfill leachate, organic fouling is expected to play a major 
role in membrane filtration (Scott et al. 2005). Despite the high fouling propensity of leach-
ate, the effects of membrane fouling on rejection in the nanofiltration process of landfill 
leachate have, to date, been largely overlooked. In fact, several studies investigating the 
nanofiltration of groundwater and secondary effluent have revealed some considerable 
effects of membrane fouling on the rejection of organic contaminants (Xu et al. 2006a). 
These authors attributed the differences in the rejection between virgin and (organically) 
fouled NF membranes to the changed membrane characteristics. Nghiem et al. (2002) re-
ported a decrease in the rejection of the trace organic compound estrone when the feed 
water contained natural organic matter compared to pure Milli-Q water. In other more 
recent studies, some observable effects of organic matter on the rejection of several herb-
icides (Plakas et al. 2006) and on the membrane characteristics (Xu et al. 2006a) have been 
reported. Furthermore, Plakas et al. (2006) suggested that the extent of membrane foul-
 
 
Membrane fouling in the nanofiltration of landfill leachate and its impact on trace contaminant removal 
40 
 
ing as well as the structure of the foulants and solutes might have an influence on rejec-
tion. Calcium was shown to affect rejection of herbicides differently depending on 
whether it was applied alone or in conjunction with organic matter. While most of these 
findings to some degree demonstrate the importance of the feed water constituents in 
membrane filtration processes, the underlying mechanisms governing membrane fouling 
and especially the influence of fouling on trace organic rejection remain unclear. 
In this study, the effects of natural organic matter in combination with calcium on the 
fouling behaviour of NF membranes were investigated using a synthetic landfill leachate. 
Bisphenol A (BPA), which is found ubiquitously in landfill leachate and is also one of the 
most significant endocrine disrupting chemicals, was selected as a model trace organic 
compound. Membrane filtration experiments were conducted under accelerated fouling 
conditions, thus, enabling a detailed examination of the fouling behaviour during landfill 
leachate nanofiltration processes. The influence of fouling on the rejection of BPA and 
possible mechanisms were also delineated and discussed. 
 
2.2 Materials and Methods 
2.2.1 Analytical reagents and chemicals 
All chemicals used in this investigation were of analytical grade and supplied by APS Aus-
tralia, Auburn, NSW, Australia unless otherwise stated. Chemical solutions and feed wa-
ters were prepared with deionized (DI) water (Milli-Q Ultra Pure Water System, Millipore, 
North Ryde, NSW, Australia). Adjustments of the pH value were carried out using 1 M so-
dium hydroxide (NaOH) or 1 M hydrochloric acid (HCl), respectively. A stock solution 
(1 g/L) of bisphenol A (Sigma Aldrich, Castle Hill, NSW, Australia) was prepared in pure 
methanol (HPLC grade). It was stored in the freezer at -4 °C and used within 1 month. 
 
2.2.2 Nanofiltration membrane 
A commercially available NF membrane, namely NF270 (FilmTec Corp., Minneapolis, MN, 
USA), was used in this study. The membrane was received as flat sheet and was stored 
under dry conditions at room temperature. According to the manufacturer, the mem-
brane is thin-film composite with a polyamide active layer on a microporous polysulfone 
supporting layer. 
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2.2.3 Membrane filtration set-up and protocol 
A laboratory-scale crossflow NF set-up (Figure 2-1) was used in this study. The NF/RO fil-
tration unit comprises a stainless steel plate-and-frame membrane cell with an effective 
surface area of 7.7 cm x 3.0 cm, a 15 L stainless steel feed tank, and a Hydra-Cell pump 
(Wanner Engineering Inc., Minneapolis, MN, USA). Retentate flow rate was monitored by 
a rotameter. Feed pressure and crossflow velocity were controlled by means of a bypass 
valve and a back pressure regulator. 
 
 
Figure 2-1: Schematic diagram of the laboratory-scale cross-flow nanofiltration test unit 
 
Prior to every membrane filtration test two consecutive pre-treatment steps were carried 
out. Firstly, a membrane compaction was performed at a feed pressure of 130 kPa for 1 h 
using DI water in the feed tank. Then a fouling cocktail containing NaHCO3, NaCl and hu-
mic acid was added to make up concentrations of 1 mM, 20 mM and 20 mg/L in the feed 
water (total volume = 7 L), respectively. Depending on the experiment, the concentration 
of CaCl2 was set to 0, 0.5, 1 or 4 mM/L in the feed solution. Subsequently, the fouling layer 
was established on the membrane surface by running the system at a pressure of 
1000 kPa for 18 h. Throughout the experiment, the permeate was recycled back to the 
feed tank after passing through a digital flow meter (Optiflow 1000, J&W Humonics, Fol-
som, CA, USA), connected to a PC, to monitor the flow rate. All experiments were run at a 
cross-flow rate of 30.4 cm/s and a constant temperature of the feed solution of 20 ±0.5 °C, 
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controlled by a circulating heater/chiller (Neslab RTE 7, Newington, NH, USA). A digital pH 
meter (Model 744, Metrohm, Herisau, Switzerland) was used for the measurements of pH. 
After the fouling development, the permeate flow rate was set to 3.7 mL/min followed by 
the addition of BPA to make up a concentration of 750 μg/L in the feed solution. Samples 
of feed and permeate (approximately 1.5 mL) were collected at specified intervals.  
 
2.2.4 Analytical technique 
A Shimadzu high-performance liquid chromatography (HPLC, Rydalmere, NSW, Australia) 
system was used to analyse the organic contaminant bisphenol A. The solvent delivery 
system included two HPLC pumps, a degaser, and a gradient mixer. A reversed phase 
column (Discovery® C18 with particle size, length, and diameter of 5 µm, 250 mm, and 
4.6 mm, respectively) supplied by Supelco (Castle Hill, NSW, Australia) was used. The UV 
wavelength was set at 280 nm. Premixed mobile phase was prepared using HPLC grade 
Acetonitrile (ACN) and an aqueous buffer solution (DI water containing 25 mmol/l of 
KH2PO4): Eluent A (80% ACN/20% aqueous buffer solution) and eluent B (20% ACN/80% 
aqueous buffer solution). Further details of this analysis method are available elsewhere 
(Nghiem et al. 2005b). 
 
2.3 Results and discussion 
2.3.1 Landfill leachate characterisation 
A literature review was conducted to examine the typical compositions of the major con-
stituents in landfill leachate. The results are summarised in Table 2-1, which clearly high-
lights the elevated salt concentrations and dissolved organic matter as the major constit-
uents in landfill leachate. Furthermore, it is interesting to note that all parameters are 
subject to large variations, approximately 3 orders of magnitude or more. As a result of 
this literature review study, a model synthetic landfill leachate was selected to present the 
characteristics typical to those of real leachate (Table 2-1). 
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Table 2-1: Concentrations of salts and dissolved organic carbon in typical landfill leachate 
and composition of the synthetic leachate solution used in this study. 
Parameter Real Landfill Leachate References Synthetic Landfill 
Leachate 
 
Concentration HA Content as 
part of DOC 
 
  mg/L % mg/L   mg/L 
Sodium 2,770   Xu, Y.-D. et al. (2006b) 483 
 0-8,000   Scott et al.(2005)  
      
Calcium 38   Xu, Y.-D. et al. (2006b) 0, 20, 40, 1601 
 4-7,200   Scott et al.(2005)  
      
Chloride 34-11,375   Scott et al.(2005) 780 
      
DOC 649 4 26 Xu, Y.-D. et al. (2006b) 62 
 78 - 663  
Average (n=5) = 388 
  Choi and Lee (2006)  
 57 - 138  
Average (n=3) = 89 
  Nanny and Ratasuk (2002)  
  4-44  Artiola-Fortuny and Fuller 
(1982), Castagnoli et al.(1990) 
 
    10   Christensen et al.(1998)   
1 depending on the experiment     
2 20 mg/L HA added to feed water 
 
   
 
 
2.3.2 Physico-chemical properties of bisphenol A 
Important physico-chemical and toxicological properties of BPA are presented in Table 
2-2. BPA has a moderately high octanol-water partitioning coefficient (log KOW) which indi-
cates the hydrophobicity of the compound leading to an instant adsorption to hydropho-
bic materials. BPA is a weak acid with the two phenolic groups having a pKa value of 10.1. 
That means that at the pH value present during the experiments (approximately 8.1), the 
functional groups are not dissociated so the compound remains neutral. 
Table 2-2: Physico-chemical and toxicological characteristics of Bisphenol A (BPA) 
Formula C15H16O2 Chemical Structure 
MW (g/mol) 228 
 
 
Solubility in Water (mg/L) 129 
pK a 10.1 
Log Kow 3.32 
 
OH OH
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2.3.3 Influence of the calcium concentration on the flux 
A clear impact of the feed water calcium concentration on the flux was found in this study. 
Figure 2-2 shows the normalised flux profiles over time during the fouling layer develop-
ment phase (18 h) for 4 different calcium concentrations in the feed water. All curves show 
a relatively similar profile with an initial steep drop followed by a delayed flux decline over 
time. 
 
 
Figure 2-2: Influence of feed solution calcium concentration on permeate flux. The feed solu-
tion contained 750 µg/L of BPA, 1 mM of NaHCO3, 20 mM of NaCl, 20 mg/L of humic 
acid and variable calcium concentrations, pH = 8.  
 
As expected, the flux decline over time was lowest when no calcium was present. It 
dropped to 52 % of the initial value after 18 h, which can be attributed solely to organic 
fouling due to the humic acid in the feed solution (see Figure 2-3). Organic fouling is 
caused by the adsorption or deposition of organic matter to or on the membrane surface, 
gel formation, or pore blocking (Schäfer et al. 2005). All of these mechanisms can occur at 
the same time. As a result, it may not be possible to determine the actual extent to which 
each mechanism contributes to the fouling process.  
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Fouling increased as calcium was introduced to the feed water. The result reported here 
is consistent with several previous studies, which have demonstrated an increase in mem-
brane fouling in the presence of calcium (and other multivalent cations) (Hong and 
Elimelech 1997, Seidel and Elimelech 2002, Teixeira and Rosa 2006). Intermolecular bridg-
ing between organic foulants and the membrane may be caused by cations (Seidel and 
Elimelech 2002). Furthermore, positively charged calcium ions can form complexes with 
the functional groups of the humic acid (solute-solute interaction), resulting in a reduction 
of the interchain repulsion between the macromolecules of the humic acid and can lead 
to the formation of small and coiled macromolecules. In addition, the calcium ions partly 
neutralise the negative charge of the membrane causing an increase in interaction be-
tween the membrane and the humic acid molecules (Teixeira and Rosa 2006). 
In this study a steep decrease of the curves for 0.5 and 1 mM of calcium was observed at 
the beginning of the run which was possibly caused by pore blocking. In contrast, the flux 
decreased more slowly in the absence of calcium. The flux decline over time slows down 
for all curves with the progress of the experiment and after approximately 500 min all 
curves run relatively parallel. It is assumed that this more gentle increase of fouling is 
attributed to a second fouling mechanism, namely the formation and compaction of the 
cake layer on the membrane surface after the pores have been blocked. 
The overall extent of flux decline with time was dependant on calcium concentration as 
follows: 0.5 mM > 1 mM > 4 mM > 0 mM. Thus, 0.5 mM appears to be a critical concentra-
tion for fouling at the conditions given in this study. This is consistent with a previous 
study by Nghiem et al. (2006a) who reported a peak in membrane fouling in the ultrafil-
tration of greywater at a similar calcium concentration. It is hypothesised that a high cal-
cium concentration may lead to the formation of large and compact aggregates (or flocs) 
that are bigger than the pores. Thus, they cannot penetrate into the membrane and cause 
pore blocking. Additionally, the cake layer formed may be more porous. This causes less 
hydraulic resistance and, consequently, a flux decline which is less severe. In contrast, at 
lower calcium concentrations, smaller aggregates are formed which has been shown for 
colloidal systems (Nghiem et al. 2006a). This results in a dense cake layer and/or pore 
blocking (Waite et al. 1999). 
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Figure 2-3: Permeate flux after 18 h of fouling layer development depending on calcium con-
centration in the feed water for a NF270 membrane. The feed water contained 
750 µg/L of BPA, 1 mM of NaHCO3, 20 mM of NaCl, 20 mg/L of humic acid and var-
iable calcium concentrations, pH = 8. 
 
2.3.4 Influence of fouling on the rejection of organic contaminants 
Similar to the fouling studies, rejection tests with varying calcium concentrations were 
carried out. In Figure 2-4, BPA concentrations in the feed solution and the permeate as 
well as the rejection of BPA throughout the experiment are shown for a calcium concen-
tration of 4 mM. The concentration of BPA in the feed water slowly decreases in the course 
of the run from approximately 750 to 700 µg/L. The permeate concentration increases 
sharply in the beginning of the test starting at approximately 75 µg/L. The curve starts to 
stabilise from ca. 70 min and reaches 490 µg/L at 120 min. After that only a very slight 
increase of the permeate BPA concentration was observed. Accordingly, the rejection 
shows a sharp decrease in the beginning of the test, starting at 90% and reaching an al-
most stable level of approximately 30% after 10 hours.  
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Figure 2-4: Concentrations of BPA in feed water and permeate and rejection of BPA for a cal-
cium concentration of 4 mM in the feed water for a NF270 membrane. The feed 
water contained 750 µg/L of BPA, 1 mM of NaHCO3, 20 mM of NaCl, 20 mg/L of hu-
mic acid, pH = 8. 
 
An initial drop of the rejection of BPA was observed for all calcium concentrations (data 
shown for 4 mM of calcium only), however, the extent was different which eventually 
leads to quite significant differences in rejection of BPA as shown in Figure 2-5. Adsorption 
of BPA to the membrane surface and possibly the humic acid is responsible for the high 
rejection in the beginning of the test which is consistent with previous studies where a 
significant adsorption of hydrophobic, neutral compounds onto NF membranes was 
found (Kimura et al. 2003). Nghiem et al. (2005b) observed a similar initial drop of BPA 
rejection stabilising at approximately 45% rejection when running a feed water solution 
containing 10 mM of NOM through a NF270 membrane. The low BPA rejection for both 0 
and 4 mM of calcium correlates with less fouling compared to 0.5 and 1 mM as described 
above. This effect may be attributed to limited pore blocking occurring when no calcium 
is present, thereby resulting in a less dense fouling layer. At a concentration of 4 mM of 
calcium, large compact aggregates are presumably formed that are too large to block 
pores and also form a fairly porous cake layer on the membrane surface. An additional 
effect, the prevention of back diffusion of solute into the bulk solution, has been previ-
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ously described (Ng and Elimelech 2004). This results in a higher concentration of the so-
lute at the membrane surface, which eventually leads to a lower rejection. For 0.5 and 
1 mM of calcium, respectively, small, coiled macromolecules are formed that can cause 
pore blocking (Seidel and Elimelech 2002). Besides an increase in fouling, a simultaneous 
increase in rejection of BPA at these calcium concentrations was observed. Furthermore, 
the formation of the dense cake layer may induce an additional sieving, which can result 
in a higher rejection. Both of these mechanisms are thought to occur at the same time 
and cannot easily be separated. 
 
 
Figure 2-5: Rejection of BPA by NF270 membrane after 420 min (7 h) of membrane rejection 
test. The feed water contained 750 µg/L of BPA, 1 mM of NaHCO3, 20 mM of NaCl, 
20 mg/L of humic acid and variable calcium concentrations, pH = 8. 
 
2.4 Conclusions 
The results reported here demonstrate a considerable effect of the feed water calcium 
concentration on membrane fouling. Fouling was most severe at 0.5 mM, whereas at no 
calcium or at a higher concentration (e.g. 4 mM) membrane fouling was considerably 
lower. Two major fouling mechanisms, pore blocking and cake layer formation, are as-
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sumed to take place. Both can be caused by solute-solute interactions (bridging and com-
plexation) and solute-membrane interactions (bridging and charge neutralisation). The 
study also showed a significant influence of fouling on the rejection of BPA. Low rejection 
coincided with low fouling at 0 mM and 4 mM of calcium, respectively. Rejection increased 
commensurate with the extent of fouling. However, the highest rejection (at 1 mM of cal-
cium) was not observed when fouling was most severe (at 0.5 mM of calcium). It was hy-
pothesized that pore blocking, which induced an enhanced sieving effect, resulted in an 
increase in the rejection of BPA. On the other hand, the cake-enhanced concentration 
polarisation, which hindered back diffusion into the bulk solution, could eventually result 
in a lower BPA rejection. 
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3 Characterising humic acid fouling of nanofiltration 
membranes using bisphenol A as a molecular indicator  
3.1 Introduction 
Municipal water recycling is an increasingly important strategy for the replacement or 
augmentation of potable water supplies in many parts of the world. The scope of water 
recycling schemes is broad, encompassing industrial and agricultural reuse applications, 
municipal reuse via dedicated recycled water distribution systems and even the direct 
supplementation of drinking water supplies. Furthermore, the role of membrane filtration 
in water recycling schemes is steadily growing due to the high water quality that can be 
achieved at moderate cost (Fane 2007, Verliefde et al. 2007a). 
A major benefit of the deployment of membrane filtration technology in water recycling 
schemes is the removal of micropollutants which are ubiquitously detected in secondary 
treated effluent at trace concentrations. Despite the importance of membrane filtration 
processes in the water industry, current knowledge regarding the fundamental mecha-
nisms that lead to the separation of trace organic contaminants remains limited. Recent 
review articles have highlighted the fact that these removal mechanisms are complex and 
can be governed by many factors including membrane characteristics, physico-chemical 
properties of the solutes, and solution chemistry (Bellona et al. 2004, Nghiem and Schäfer 
2005). Moreover, understanding of the rejection behaviours of trace organic contami-
nants under realistic conditions is still quite poor. In particular, very little is known about 
the effects of membrane fouling, which is inherent in full scale operation, on the rejection 
of trace organic contaminants (Bacchin et al. 2006, Fane 2007). 
Fouling presents one of the most challenging issues to the design and management of 
membrane filtration systems. It has been defined as ‘the process resulting in loss of per-
formance of a membrane due to the deposition of suspended or dissolved substances on 
its external surfaces, at its pore openings or within its pores (Koros et al. 1996). Although 
membrane fouling can be reduced through appropriate design, operation and cleaning, 
some degree of fouling is inevitable in full scale applications (Bacchin et al. 2006, Fane 
2007). In municipal water recycling applications, fouling by associated organic matter is 
expected to be the most prevalent form of membrane fouling. Previous studies have 
demonstrated that organic fouling is most severe under conditions of low pH, high ionic 
strength, and particularly in the presence of calcium ions (Li and Elimelech 2004, Manttari 
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et al. 2000, Schäfer et al. 1998, Yuan and Zydney 2000). Furthermore, fouling of NF mem-
branes by organic matter is mainly attributed to pore blocking, which can be classified 
into three categories: complete pore blocking (blocking of a pore by solutes approximately 
the same size as the pore), incomplete or intermediate pore blocking, and standard pore 
blocking (gradual pore narrowing and constriction by adhesive solutes that are much 
smaller than the pore) (Al-Amoudi and Lovitt 2007). It is noteworthy that most existing 
studies have investigated organic and colloidal fouling with an emphasis on the impacts 
on permeate flux and inorganic salt rejection. The effects of membrane fouling on the 
rejection of trace organic chemicals have been only recently and briefly investigated. How-
ever, it has been demonstrated that membrane fouling can significantly influence the sep-
aration of trace organic contaminants particularly by NF membranes (Agenson and Urase 
2007, Plakas et al. 2006). Xu et al. (2006) showed that membrane fouling caused by sec-
ondary treated effluent significantly affected the rejection of trace organics by NF and 
ultra-low-pressure RO membranes, whereas it was less important for more conventional 
RO membranes. This observation is consistent with our previous investigation of the 
influence of organic fouling on the removal of hydrophilic pharmaceuticals by NF mem-
branes (Nghiem and Hawkes 2007). In that study, we demonstrated that membrane pore 
size played an important role in governing the effects of fouling on the rejection of hydro-
philic trace organics. Nonetheless, the impact of membrane fouling on other important 
rejection mechanisms, such as hydrophobic adsorption and electrostatic repulsion, re-
mains poorly understood. 
This study aimed to elucidate the effects of membrane fouling by close examination of 
the key mechanisms of rejection of bisphenol A by NF processes. BPA is a ubiquitous trace 
organic contaminant in secondary treated effluent, but was selected primarily because of 
its suitable physical dimensions and physicochemical properties to provide indicatively 
variable rejection behaviour under variable conditions. Three commercially available NF 
membranes with differ-rent average pore sizes were selected for this investigation. Mem-
brane fouling was induced by a foulant mixture containing humic acid as a model organic 
foulant in a background electrolyte solution. The effects of membrane fouling on the re-
jection of BPA were observed with respect to the membrane pore sizes and the fouling 
characteristics. Mechanisms possibly accountable for the effects of membrane fouling on 
BPA rejection were systematically investigated and proposed. 
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3.2 Materials and methods 
3.2.1 Model NF membranes and membrane characterisation 
Three commercially available NF membranes – denoted NF90, NF270, and TFC-SR2 – were 
used in this investigation. The first two membranes were supplied by Dow FilmTec (Min-
neapolis, MN, USA) and the third was supplied by Koch Membrane Systems (San Diego, 
CA, USA). According to the manufacturers, these membranes are polyamide thin-film 
composite with a microporous polysulfone supporting layer. The nominal operating per-
meate fluxes are 41, 52, and 50 L m-2 h-1 at 480, 480, and 380 kPa transmembrane pres-
sure for the NF90, NF270, and TFC-SR2 membranes, respectively. These membranes were 
received as flat sheet samples and were stored dry at 4 °C. All membrane samples were 
rinsed thoroughly with Milli-Q water prior to use. The membrane average pore diameters 
were estimated in a previous study by challenging the membranes with a series of low 
molecular weight carbohydrate compounds under various permeate flux conditions and 
applying a pore transport model (Nghiem et al. 2004). 
Contact angle measurement of the clean and fouled membranes was performed with a 
Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ, USA) using the standard ses-
sile drop method. Milli-Q water was used as the reference liquid. The fouled membranes 
were air dried prior to the measurement. At least five droplets were applied onto dupli-
cate membrane samples and contact angle was measured on both sides of the droplet.  
Surface morphology of the membrane was analysed using a multimode atomic force mi-
croscope (AFM) (Digital Instruments, Santa Barbara, CA, USA). Imaging was undertaken in 
air in tapping mode operation using an oxide sharpened SiN probe. The membrane aver-
age surface roughness was determined in triplicate by AFM image analysis over a 
2 µm x 2 µm surface area. 
 
3.2.2 Model trace organic contaminant 
BPA is a common micropollutant, often reported at trace levels in sewage and secondary 
effluent (see for example, Lee and Peart (2000) and Fromme et al. (2002)). Higher concen-
trations of this compound, up to several milligrams per liter, in landfill leachate have also 
been reported (Yamamoto et al. 2001). Molecular dimensions and key physicochemical 
properties of this compound are shown in Table 3-1. The molecular length was defined as 
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the distance between the two most distant atoms in the molecule and molecular width 
and height were dimensions perpendicular to the molecule longitudinal axis. These values 
were computed using the ChemOffice program based on the most stable configuration 
of the molecule. The dimensions of BPA are comparable to the pore size range of 
nanofiltration membranes, thus allowing a more systematic investigation of the physico-
chemical interactions underlying the effects of membrane fouling on the rejection of small 
organic solutes. BPA has a moderately high octanol-water partitioning coefficient (log 
KOW), which indicates possible adsorption of this compound to hydrophobic materials 
such as membrane surfaces. BPA is a weak acid having a pKa of 10.1. Accordingly, at envi-
ronmental pH ranges, the compound is not significantly dissociated and it exists predom-
inantly as a neutral species. A stock solution containing 1 g/L of BPA (Sigma-Aldrich, Castle 
Hill, NSW, Australia) was prepared in pure methanol (HPLC grade). The stock solution was 
stored in a freezer at -18°°C and used within 1 month of preparation. 
Table 3-1: Physicochemical properties of Bisphenol A 
Formula C15H16O2 Chemical Structure 
Molecular weight (g/mol) 228 
OH OH  
 
Molecular widtha (nm) 0.383 
Molecular heighta (nm) 0.587 
Molecular lengtha (nm) 1.068 
Solubility in Water (mg/L) 129 
pK a 10.1 
log Kow 3.32 
a Calculated using ChemOffice 2005 
 
3.2.3 Organic foulant 
Sigma-Aldrich humic acid (St. Louis, MO, USA) was selected as a model organic foulant in 
this study. This widely studied humic acid has been thoroughly characterised and previ-
ously used in numerous membrane fouling investigations (Manttari et al. 2000, Schäfer et 
al. 2006, Tang et al. 2007, Yuan and Zydney 1999, Yuan and Zydney 2000). Humic materials 
are ubiquitous in the aquatic environment. They arise from decay of plant and animal 
residues such as lignin, protein and carbohydrate that are often found in soil and natural 
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waters. As a result, humic acid is a complex and heterogeneous association of many mac-
romolecules, which can be described as a supramolecular colloidal mixture (Costa et al. 
2006). Carboxylic and phenolic acidity, aromaticity, and molecular weight together with 
an estimated elementary composition of the selected humic acid are presented in Table 
3-2. Possessing several key functional groups including the aliphatic, aromatic, carboxylic 
and phenolic groups, physicochemical properties of humic acid are expected to vary 
greatly depending upon the solution chemistry. Ionisation of carboxylic and phenolic 
groups of humic acid results in electrostatic charges which can induce both inter- and 
intra-molecular interactions. By modulating these interactions, solution chemistry such as 
pH and ionic composition can significantly influence the conformational structures of hu-
mic acid molecules. Furthermore, it is known that humic acid can act as a complexing 
agent with multivalent cations such as calcium (Hong and Elimelech 1997, Kilduff et al. 
2004, Yoon et al. 1998). The complex interaction amongst humic acid, calcium and func-
tional groups of the membrane surface is thought to be a major factor governing the foul-
ing behaviour of NF membranes. While the carboxylic and phenolic functional groups ren-
der humic acid quite hydrophilic, it is also possible for humic acid to exhibit some hydro-
phobic properties due to the presence of aromatic rings and non-polar aliphatic carbon 
chains. 
Table 3-2: Characteristics of Aldrich humic acid 
Elementary Composition a Aroma-
ticity a  
(%) 
Phenolic 
acidicity  
(meq/g) 
Carboxylic 
acidicity  
(meq/g) 
Average Molecular 
weight (g/mol) 
C H N S O Ash Mw Mn 
50.7 4.5 1.2 0.2 31.4 7.5 57.7 3.6 a 7.9 a 4,006 a 1,395 a 
1.3 b 3.7 b 4,100 c 1,630 c 
a Ref. (Karanfil et al. 1996) 
b Ref. (Vermeer and Koopal 1998) 
c Ref. (Chin et al. 1994) 
Mw: Weight – average molecular weight 
Mn: Number – average molecular weight 
 
3.2.4 Membrane filtration set-up 
A laboratory-scale cross-flow NF/RO membrane rig was used in this study (Figure 3-1). 
This set-up consisted of a stainless steel plate-and-frame membrane cell with an effective 
surface area of 23.1 cm2 (7.7 cm x°3.0 cm), a stainless steel feed reservoir, and a Hydra-
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Cell pump (Wanner Engineering Inc., Minneapolis, MN, USA). The permeate flux was mon-
itored by a digital flow meter (Optiflow 1000, J&W Humonics, Folsom, CA, USA) connected 
to a personal computer. Retentate flow rate was monitored by a rotameter. Feed pressure 
and cross-flow velocity were controlled by means of a bypass valve and a back pressure 
regulator. The temperature of the test solution was kept constant using a chiller/heater 
(Neslab RTE 7, Newington, NH, USA) equipped with a stainless steel heat exchanger coil, 
which was submerged directly into the feed reservoir. 
 
Figure 3-1: Schematic diagram of the laboratory-scale cross-flow nanofiltration test unit 
 
3.2.5 Filtration protocol 
The fouling and subsequent rejection experimental protocol was conducted in three 
steps: membrane pre-compacting, fouling development, and rejection testing. Prior to 
each membrane filtration test, the membrane was pre-compacted at 1800 kPa for 1 h us-
ing Milli-Q water. A fouling layer was then allowed to develop using a foulant mixture 
comprising a specific amount of humic acid in an electrolyte matrix containing 20 mM 
NaCl, 1 mM NaHCO3, and a varying amount of CaCl2. The volume of the feed water solu-
tion used in each experiment was 7 L. Following the addition of the foulants, the cross-
flow velocity and permeate flux were adjusted to be 30.4 cm s-1 and 48.5 µm s-1 (175 L m-
2 h-1), respectively. This initial permeate flux was defined as J0. The fouling development 
step was carried out under a constant pressure until a stable permeate flux had been 
observed which usually took approximately 18 h. Throughout the experiment, both the 
Temperature 
Control Unit
Reservoir Pump Bypass
Valve
Back Pressure
Regulator
Flow Meter 
Cross Flow
Bypasss
Retentate
Permeate
PC Pressure Gauge
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retentate and permeate were recycled back to the feed reservoir. After the fouling devel-
opment, the permeate flow rate was set to 15 µm s-1 (54 L m-2 h-1). This was comparable 
to the permeate fluxes recommended by the manufacturers (see Section 3.2.1). Following 
permeate flux adjustment, BPA was spiked into the feed solution to make up a concen-
tration of 750 mg/L. Samples of feed and permeate (ca. 1.5 mL) were collected at specified 
intervals for analysis. Throughout the filtration experiments, the temperature of the solu-
tion was maintained at 20 ± 0.1° C. To examine BPA rejection by the clean (non-fouled) 
membranes, a similar protocol was adopted, but without the fouling development step. 
Observed contaminant rejection is defined as R = 100 x (1 - CP/CF), where CP and CF are the 
permeate and the feed concentrations, respectively. 
 
3.2.6 Analytical technique 
A Shimadzu HPLC system (Kyoto, Japan) equipped with a Discovery® C18 column (with 
diameter, length and pore size of 4.6 mm, 150 mm and 5 µm, respectively) was used for 
the analysis of BPA. Detection was undertaken by ultraviolet (UV) absorption at 280 nm. 
Premixed mobile phase was prepared using HPLC grade acetonitrile (ACN) and an aque-
ous KH2PO4 (25 mmol/L) buffer solution. Two mobile phase solutions were prepared and 
designated as Eluent A (80% ACN/20% buffer solution) and Eluent B (20% ACN/80% buffer 
solution). The flow rate was 1 mL/min and a sample injection volume of 50 mL was used. 
Calibration standards were prepared in Milli-Q water. In the range of experimental con-
centrations used, a linear calibration curve was obtained with coefficient of determination 
(R2) of 0.99. The analysis was carried out immediately on the conclusion of each experi-
ment.  
Non-purgeable TOC was measured with a Shimadzu TOC V-CSH analyzer (Kyoto, Japan). 
TOC samples were collected prior to the addition of BPA. Sodium and calcium were ana-
lysed using a Varian Atomic Adsorption Spectrophotometer. 
 
3.3 Results and discussions 
3.3.1 Membrane characteristics 
The nanofiltration membranes selected for this study are each comprised of a very thin 
active layer on top of a porous polysulfone backing layer. The active layer of the NF270 
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membrane is made of semi-aromatic piperazine-based polyamide, while both the NF90 
and TFC-SR2 membranes have a fully aromatic polyamide active layer. These three mem-
branes have quite distinctive characteristics as shown in Table 3-3. They represent a wide 
range of membrane pore size, with pore size increasing in the order: NF90 < NF270 < TFC-
SR2. The NF90 is a relatively tight NF membrane with an average pore diameter of only 
0.68 nm. In contrast, the NF270 can be considered as a loose NF membrane (0.84 nm) and 
the TFC-SR2 is a very loose NF membrane (1.28 nm). The pore sizes of the two looser 
membranes are comparatively larger than the dimensions of the BPA molecule (Table 
3-1). The membrane pore sizes were well correlated with their sodium and calcium chlo-
ride rejection (Table 3-3). It is noteworthy that both sodium and calcium chloride rejec-
tions of the TFC-SR2 were very low and this membrane can in fact be considered as a UF 
membrane based on the definition of inorganic salt rejection. Despite their significant dif-
ferences in porosity, all three membranes showed a good humic acid removal capacity. 
High humic acid rejection (measured by TOC) could be attributed to the high average mo-
lecular weight of this organic foulant (see Table 3-2). Surface topography analysis by the 
AFM undertaken in tapping mode reveals that both the NF270 and TFC-SR2 have a very 
smooth surface with mean roughness of only 8.55 nm and 8.13 nm, respectively. In con-
trast, surface roughness of the NF90 is quite high and comparable to those of typical RO 
membranes (in the range of tens of nanometres) (Freger et al. 2002). AFM images of the 
three NF membranes are shown in Figure 3-2. Contact angle measurement indicates that 
the NF90 membrane is moderately hydrophilic (contact angle of 42.2°), whereas the 
NF270 and TFC-SR2 membranes are very hydrophilic with contact angles of only 23.4° and 
18.7°, respectively. The resistance of the NF270 membrane to organic fouling has previ-
ously been attributed to its hydrophilic nature (Mänttäri et al. 2004). 
 
Table 3-3:  Properties of the membranes used in this study 
Membrane Pure water 
permeability 
(Lm-2h-1bar-1) 
Average pore 
diameter  
(nm) 
Rough-
ness (nm) 
Contact 
angle  
(O) 
NaCl  
rejection 
(%) 
CaCl2  
rejection 
(%) 
TOC  
rejection 
(%) 
NF90 6.4 0.68 76.8 42.2 85.0 95.0 92.7 
NF270 13.5 0.84 8.55 23.4 40.0 43.0 88.9 
TFC-SR2 15.4 1.28 8.13 18.7 9.8 21.2 82.8 
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NF90 membrane NF270 membrane TFC-SR2 membrane 
   
Figure 3-2: Surface topography of the NF90, NF270, and TFC-SR2 membranes. 
 
3.3.2 Membrane fouling behaviour 
Humic acid and calcium in the membrane feed were clearly observed to be significant 
factors in the determination of permeate flux. Figure 3-3 shows the normalised permeate 
flux over time during the fouling layer development phase with variable feed composi-
tions for 18 h. While membrane fouling was not observed in the absence of humic acid, 
fouling was quite severe with feed solutions containing 20 mg/L humic acid. Furthermore, 
the extent of fouling was dependent on the calcium concentration in the feed solution. 
The role of multivalent cations such as calcium in organic fouling has been discussed in 
conjunction with several previous studies (Hong and Elimelech 1997, Seidel and Elimelech 
2002). It has been suggested that calcium plays a major role in intermolecular bridging 
between organic foulants and the membrane surface (Seidel and Elimelech 2002). Fur-
thermore, calcium could form complexes with polar functional groups of the humic acid 
(solute-solute interactions), resulting in a reduction in electrostatic repulsion between the 
functional groups, thus leading to the formation of small and coiled macromolecules. Cal-
cium might also neutralise the negative charge of both the membrane surface and the 
humic acid molecules causing a decrease in their electrostatic interaction (Yoon et al. 
1998). 
Two distinct fouling stages were observed with all three membranes, possibly associated 
with two different fouling mechanisms. The flux decreased sharply during the first 8 h of 
each filtration experiment. This initial rapid fouling stage was interpreted as being caused 
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by adsorption of humic acid to the membrane surface and pore blocking. This is con-
sistent with previous discussion that pore blocking due to the small flocs was a major 
reason for the most severe fouling when 0.5 mM or 1 mM of calcium was present in the 
feed solution (Nghiem et al. 2006b). In contrast, after the initial rapid fouling stage, the 
rate of flux decline became more gradual. Furthermore, the flux decline profiles appeared 
to cease to be dependent on calcium concentration during the later stages (Figure 3-3). 
On the other hand, compaction and thickening of the cake layer could be attributed to the 
second fouling stage. 
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Figure 3-3: Influence of calcium concentration in the feed solution on permeate flux of the 
NF270 membrane. The feed water contained 1 mM of NaHCO3, 20 mM of NaCl, 
20 mg/L of humic acid (no humic acid for clean water test) and variable calcium 
concentrations, pH = 8. 
 
Figure 3-4 shows the normalised flux of the three membranes during fouling develop-
ment under the same experimental conditions and with the same initial permeate flux. 
Despite being the smoothest and most hydrophilic membrane (Table 3-3), the TFC-SR2 
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exhibited the most severe fouling. This could possibly be attributed to pore blocking and 
the fact that the TFC-SR2 has a relatively large average membrane pore size. It is notewor-
thy that the equivalent Stokes radius of humic acid molecules calculated based on the 
Wilke-Chang and Stokes-Einstein equations (Geankoplis 1993) from their number-average 
molecular weight as shown in Table 3-2 were in the range of 0.947 - 1.02 nm and thus 
pore plugging of the TFC-SR2 membrane is plausible. 
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Figure 3-4: Normalised permeate flux of the three membranes - NF90, NF270, and TFC-SR2 - 
as a function of filtration time. (Feed solution: 1 mM of NaHCO3, 20 mM of NaCl, 
1 mM of CaCl2, and 20 mg/L of humic acid). 
 
Interestingly, there appears to be a critical concentration of calcium, at which fouling was 
most severe (Figure 3-5). The relative extent of flux decline after 18 h for the NF270 mem-
brane was as follows: 0.5 mM > 1 mM > 4 mM > 0 mM. This was consistent with a previ-
ous study, which showed a peak in membrane fouling in the ultrafiltration of greywater 
at a similar calcium concentration (Nghiem et al. 2006b). It is noteworthy that as the cal-
cium concentration of the foulant mixture increased beyond this apparent critical concen-
tration of approximately 0.5 - 1 mM of Ca2+, a reduction in the rate of membrane fouling 
could be observed. This is also consistent with the results obtained with the NF90 and the 
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TFC-SR2 membranes. For both of these membranes, the most severe fouling condition 
was obtained with a feed solution containing 1 mM of Ca2+ in the presence of 20 mg/L 
humic acid (see Figure 3-5). It was hypothesised that a high calcium concentration might 
lead to the formation of large and compact aggregates (or flocs) and that these may result 
in a more porous cake layer. Furthermore, it was also probable that these aggregates 
could not penetrate into the membrane leading to pore blocking. In contrast, at lower 
calcium concentrations aggregates formed were smaller which is consistent with previous 
observations for colloidal systems (Waite 1999). 
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Figure 3-5: Reduction in permeate flux after 18 h fouling development as a function of Ca2+ in 
the feed solution (Flux reduction is defined as 100 x (1-J18 h/J0). Feed solution con-
tained 1 mM of NaHCO3, 20 mM of NaCl, 20 mg/L of humic acid, and variable CaCl2 
concentrations, pH = 8. 
 
3.3.3 Change of membrane hydrophobicity 
A dark brown layer of humic foulant firmly attached to the membrane surface was ob-
served subsequent to all fouling experiments. As discussed previously, due to the aro-
matic and aliphatic components of humic acid and the possibility that calcium may chelate 
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with the carboxylic and phenolic groups, hence reducing electric charge of the humic acid 
solution molecules, the organic fouling layer would be expected to be quite hydrophobic. 
This hydrophobicity was clearly observed by a considerable increase in contact angle of 
all three membranes fouled with humic acid compared to their clean (unfouled) condition 
(Figure 3-6). The similarity in contact angles of the fouled membranes indicates that mem-
brane hydrophobicity is primarily governed by the adhesion of the humic acid layer irre-
spective of the initial clean membrane surface characteristic. Results shown in Figure 3-6 
also suggest that the humic acid foulant layer can compete with the membrane for hydro-
phobic interaction with hydrophobic compounds such as BPA. Consequently, this hydro-
phobic fouling layer can potentially influence the separation of BPA by the NF filtration 
processes. 
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Figure 3-6: Change in membrane surface hydrophobicity due to humic acid fouling of the NF90, 
NF270 and TFC-SR2 membranes. Fouling was developed with a feed solution con-
taining 1 mM of NaHCO3, 20 mM of NaCl, 1 mM of CaCl2, and 20 mg/L of humic acid, 
pH = 8. 
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3.3.4 Effects of organic fouling on the nanofiltration of BPA 
To examine the effect of organic fouling on the rejection of trace organics, BPA was spiked 
into the feed solution after a fouling layer on the membrane surface had been estab-
lished. Mass balance analysis indicated considerable adsorption of BPA to the membrane 
in all experiments. Such adsorption was evident by a sharp increase in BPA concentration 
in the permeate before reaching a stable value as can be seen in Figure 3-7, which shows 
BPA concentrations in the feed and permeate over time for two typical experiments by 
the NF270 membrane. The NF270 is a relatively loose nanofiltration membrane with pore 
size slightly larger than the molecular width and height of BPA. Consequently, initial low 
concentration of BPA in the permeate can be attributed to the adsorption of this com-
pound to the membrane. Due to the small membrane sample size in comparison to the 
amount of BPA used in this study, the decrease in BPA concentration in the feed solution 
was small, but nevertheless apparent (Figure 3-7). It is noted that no discernible adsorp-
tion of BPA to the test equipment or degradation of BPA could be observed and the con-
centration of BPA remained constant after a BPA solution was circulated within the filtra-
tion system without a membrane sample for 10 h. Previous studies have suggested that 
adsorption of trace organics to the membrane polymer could result in a lower rejection 
due to diffusional transport of the solute across the active layer of the membranes 
(Nghiem et al. 2004, Nghiem et al. 2005b, Zhang et al. 2006). 
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Figure 3-7: Concentrations of BPA in feed water and permeate and rejection of BPA by the 
NF270 membrane under clean and fouled conditions. The feed water contained 
750 µg/L of BPA, 1 mM of NaHCO3, 20 mM of NaCl, 1 mM of CaCl2, and 0 or 20 mg/L 
of humic acid, pH = 8. 
While adsorption of BPA to the membrane occurred to the same extent under both clean 
and fouled conditions based on a mass balance calculation, an interesting observation 
was that the stabilised BPA concentration in the permeate varied considerably depending 
on the extent of membrane fouling. Results reported in Figure 3-7 are consistent with a 
study of Xu et al. (2006), who also reported an increase in rejection (or decrease in per-
meate concentration) of hydrophobic trace organics by fouled membranes. It is possible 
that the formation of a hydrophobic membrane fouling layer could isolate and thus hin-
der the interactions between the membrane and the solutes. This could result in less so-
lute partitioning and diffusion across the membrane, which has been reported as a major 
transport mechanism of hydrophobic solutes in NF and RO filtration processes (Bellona 
et al. 2004, Nghiem et al. 2004). The overall effect of membrane fouling on the rejection 
of BPA is, however, quite complex and can be attributed to several antagonistic mecha-
nisms, which will be discussed in detail in the next section. 
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3.3.5 Effects of organic fouling on rejection: the mechanisms 
It is hypothesised that the presence of a fouling cake layer could lead to a phenomenon 
known as cake-enhanced concentration polarisation as previously reported by Ng and 
Elimelech (2004). The cake layer hindered the diffusion of BPA back to the bulk solution 
resulting in an elevated concentration of BPA within the cake layer. Consequently, this led 
to an increased concentration gradient of BPA across the membrane, and hence, a lower 
rejection. This phenomenon resulted in a considerably lower BPA rejection by the NF270 
membrane previously fouled using foulant mixtures containing 0 and 4 mM of Ca2+ as 
compared to the rejection under an unfouled or clean membrane condition (represented 
by a dotted line in Figure 3-8). It is noteworthy that experiments under unfouled mem-
brane conditions were conducted in duplicate and the deviation between two repeated 
experiments was less than 5%. 
In contrast to the deleterious effect of cake-enhanced concentration polarisation on BPA 
rejection, membrane fouling caused by pore blocking could considerably enhance solute 
rejection. As discussed above, pore blocking could occur at a critical calcium concentration 
in the feed (0.5 - 1 mM of Ca2+). Indeed, BPA rejection was observed to be significantly 
increased under such conditions (Figure 3-8). Most notably, when the foulant mixture con-
tained 1 mM of Ca2+, BPA rejection increased even above that observed during clean 
membrane experiments. This effect on BPA rejection, presumed to be caused by pore 
blocking, was much more obvious for the comparatively very loose TFC-SR2 membrane. 
As can be seen in Figure 3-8, BPA rejection by the TFC-SR2 was significantly enhanced 
under fouled conditions. Moreover, the magnitude of such enhancement was well corre-
lated to the extent of membrane fouling (Figure 3-9). An increase of almost 30% in rejec-
tion was observed under the most severe fouling condition. It is noted that the cake-en-
hanced concentration polarisation effect could be minimal for the TFC-SR2 membrane as 
this membrane would cause negligible concentration polarisation due to its relatively 
large pore size. 
A small but nevertheless apparent increase in BPA rejection by the NF90 membrane un-
der fouled conditions can also be observed in Figure 3-8. The NF90 membrane has an 
average pore diameter of only 0.68 nm, which is in the same order or smaller than the 
dimensions of the BPA molecule. Therefore, this increase in BPA rejection could only be 
attributed to pore blocking to a limited extent. More importantly, as previously discussed 
the presence of a fouling layer on the membrane surface could separate and therefore 
interfere with the interaction between the BPA molecule and the membrane surface. 
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While mass balance analysis revealed that BPA losses (presumably due to adsorption) un-
der both clean and fouled conditions were similar, it appears probable that under fouled 
conditions, a substantial proportion of BPA has adsorbed to the fouling layer which was 
quite hydrophobic (see Figure 3-6). Consequently, this could hinder BPA from partitioning 
and diffusing across the polymeric membrane, resulting in a small increase in rejection 
under fouled conditions. 
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Figure 3-8: Rejection of BPA by the NF90, NF270 and TFC-SR2 membranes under various foul-
ing condition (value taken after stabilising the system for 10 hours to avoid any 
adsorption artifact). Broken line shows BPA rejection under clean condition by the 
three membranes. The feed water contained 750 µg/L BPA, 1 mM NaHCO3, 20 mM 
NaCl, 20 mg/L humic acid and variable CaCl2 concentrations, pH = 8. 
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Figure 3-9: Correlation between the extent of membrane fouling (presented by flux reduction) 
and increase in BPA rejection by the TFC-SR2 membrane. Experimental conditions 
are as in the captions of Figures 3.5 and 3.8. 
 
3.4 Conclusions 
Results reported here indicate that calcium concentration in the feed solution could be a 
significant factor governing humic acid fouling processes. Moreover, there appears to be 
a critical concentration of calcium in the feed solution, at which membrane fouling is most 
severe. Membrane fouling was found to have a considerable influence on the separation 
process of the model trace contaminant BPA. Such influence resulted in either an increase 
or decrease in rejection and this was interpreted as being a function of competing fouling 
mechanisms. These mechanisms could occur simultaneously and their individual effects 
may not be easily distinguished. However, their relative contribution appears to be mem-
brane pore size dependent. Pore blocking, which resulted in a considerable improvement 
in rejection, was prominent for the larger pore size TFC-SR2 membrane. In contrast, the 
cake-enhanced concentration polarisation effect appeared to be more significant for the 
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tighter NF270 and NF90 membranes. The formation of the fouling layer could also inter-
fere with the solute-membrane interaction, particularly when both the solute and foulant 
layer are hydrophobic, and therefore, exert a considerable influence on the separation 
process.
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4 Effects of fouling and scaling on the rejection of trace 
organic contaminants by a nanofiltration membrane: 
The role of cake-enhanced concentration polarisation 
4.1 Introduction 
The widespread occurrence of trace organic contaminants in various matrices of the nat-
ural environment has recently been reported in the literature (Kolpin et al. 2002, 
Kümmerer 2009, Ternes 1998). Most of these contaminants originate from anthropogenic 
sources such as personal care products, human and veterinary pharmaceuticals, indus-
trial chemicals, and agrochemical products. Various adverse effects including those on the 
reproductive and endocrine systems particularly of aquatic species have been reported 
(Kümmerer 2009, Milnes et al. 2006). Sewer systems are considered a major pathway for 
trace organic contaminants into the aquatic environment since these compounds are not 
completely removed by conventional wastewater treatment. This leads to the widespread 
occurrence of trace organic contaminants in wastewater effluent impacted freshwater 
bodies, where they have been detected at levels ranging from a few ng/L up to several 
µg/L (Kolpin et al. 2002, Ternes 1998). This is of particular importance for applications of 
direct or indirect potable reuse of reclaimed water, which have become very popular 
around the world due to an increasing scarcity of suitable freshwater sources. 
Nanofiltration and reverse osmosis have been recognised as attractive technologies for 
producing high quality water from non-traditional sources such as brackish or sea water 
and secondary treated effluent. Previous studies have conclusively demonstrated the ex-
cellent capability of NF/RO to retain a wide range of trace organic contaminants (Agenson 
and Urase 2007, Bellona and Drewes 2007, Radjenovic et al. 2008, Verliefde et al. 2007a, 
Verliefde et al. 2009, Yangali-Quintanilla et al. 2009, Yoon and Lueptow 2005, Yoon et al. 
2007). These studies also revealed the complexity of the separation process involved. In 
addition, various parameters such as membrane properties, solution chemistry, and 
physicochemical properties of the trace organic contaminants can substantially alter the 
removal efficiency of these solutes by NF/RO membranes (Bellona et al. 2004, Nghiem et 
al. 2004, Nghiem et al. 2006b, Verliefde et al. 2008). Indeed, studies reported to date 
demonstrated a great variability in the actual rejection values of the individual trace or-
ganic contaminants. In particular, a recent pilot scale study has shown that membrane 
fouling can also affect the rejection of trace organic contaminants by NF/RO membranes 
(Xu et al. 2006a). 
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Fouling and, to a lesser extent, scaling are problematic and inherent to almost all mem-
brane filtration processes (Li and Elimelech 2006, Schäfer et al. 2005). Membrane fouling 
occurs as common impurities of the feed solution such as dissolved organics and colloidal 
matter are deposited on the membrane surface to form a cake layer (Schäfer et al. 2005). 
Biofouling can also occur due to the colonisation of bacteria on the membrane surface 
(Schäfer et al. 2005). The precipitation of sparingly soluble salts on the membrane surface 
(or membrane scaling) is another serious issue in NF/RO membrane applications 
(Sheikholeslami 2004, Tzotzi et al. 2007). Membrane scaling can lead to not only a severe 
decline in permeate flux but also a considerably shortened membrane lifetime. While the 
issue of membrane fouling and scaling has been a subject of many dedicated studies, the 
majority of these studies have focused exclusively on permeate flux decline. Investiga-
tions delineating the influence of membrane fouling and scaling on the rejection of trace 
organic contaminants remain limited. In addition, studies available to date have looked 
mostly at the effect of a single fouling layer on the rejection of trace organic contaminants 
using a single type of foulant such as organics or silica colloids to simulate membrane 
fouling (Nghiem et al. 2010, Nghiem et al. 2008, Nghiem and Hawkes 2007, 2009, Verliefde 
et al. 2009, Yangali-Quintanilla et al. 2009). This simplified experimental approach enables 
the systematic elucidation of key mechanisms governing the influence of membrane foul-
ing on the rejection of trace organic contaminants by NF/RO membranes (Nghiem et al. 
2010). However, membrane fouling caused by a single type of foulant is rare in a practical 
application. As a consequence, some researchers have recently started to examine the 
simultaneous fouling process caused by several different foulants (Contreras et al. 2009, 
Jarusutthirak et al. 2007, Lee et al. 2005, Li and Elimelech 2006). Not surprisingly, fouling 
behaviour caused by multiple foulants can substantially differ from that caused by a single 
foulant. For example, Li and Elimelech showed that membrane fouling developed at a 
significantly higher rate in combined fouling experiments than might have been predicted 
by summing up the contributions from each individual foulant as determined in single 
foulant fouling tests (Li and Elimelech 2006). The authors attributed the observed syner-
gistic fouling to the hindrance of back diffusion of each foulant (Li and Elimelech 2006). 
Despite the fact that membrane scaling can occur quite frequently in water recycling ap-
plications using NF/RO technologies, effects of membrane scaling on the rejection of trace 
organic contaminants remain poorly understood. In such applications, interactions be-
tween organic matter and scale forming inorganic salts can be quite complex. For exam-
ple, Lee et al. reported that humic acids can act as an anti-scalant and substantially 
influence both the morphology and the formation rate of CaSO4 scaling (Lee et al. 2009). 
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In a number of other studies, the ability of natural organic matter to interfere with the 
formation of CaCO3 precipitates has also been demonstrated (Amjad et al. 1998, 
Klepetsanis et al. 2000, Zuddas et al. 2003). 
This paper aims to investigate the combined impact of organic fouling and inorganic scal-
ing on the rejection of three selected trace organic contaminants - sulfamethoxazole, bi-
sphenol A, and carbamazepine - by a commercially available nanofiltration membrane. 
Organic fouling and inorganic scaling were induced sequentially using humic acid and 
CaCO3. The selected membrane as well as the fouling and scaling processes were charac-
terised in detail. The effect of membrane fouling/scaling on the rejection of the trace or-
ganic contaminants were discussed and related to the morphology of the scaling layer. 
Mechanisms possibly responsible for the effects of membrane fouling/scaling on the re-
jection of trace organic contaminants were proposed and delineated. 
 
4.2 Materials and methods 
4.2.1 Nanofiltration membrane 
Flat sheet samples of a thin film composite NF membrane - NF270 (Dow FilmTec, Minne-
apolis, MN, USA) - were used in this investigation. According to the manufacturer, the 
nominal permeate flux of this membrane is 52 L m−2 h−1 and the maximum pressure tol-
erance is 41 bar. The pH range for continuous operation of this membrane is 2 - 11. The 
membrane was received as flat sheet samples and was stored dry at 4 °C. 
 
4.2.2 Chemicals and reagents 
Three notable trace organic contaminants - namely sulfamethoxazole, bisphenol A, and 
carbamazepine - were selected for this study. These compounds have similar molecular 
weights and molecular dimensions (Table 4-1), and are frequently detected at trace level 
in raw and secondary treated sewage. However, their dissociation constants and intrinsic 
hydrophobicity (log KOW) differ markedly (Table 4-2). The compounds were purchased 
from Sigma-Aldrich (St. Louis, MO) and were reported to be of 98% purity or higher. Stock 
solutions (1 g/L) were prepared in pure methanol. They were stored at -18 ° C and used 
within one month. 
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Sigma-Aldrich humic acid (St. Louis, MO, USA) was selected as a model organic foulant in 
this study. This humic acid has been used in many previous membrane fouling investiga-
tions and its characteristics are well known (see for example Schäfer et al. (2006) and Tang 
et al. (2007). All other chemicals used in this study were of analytical grade. 
 
4.2.3 Crossflow membrane filtration system 
A laboratory-scale, crossflow membrane filtration test unit with a rectangular stainless 
steel crossflow cell was used in this study. This cell had an effective membrane area of 
40 cm2 (4 cm × 10 cm) with a channel height of 2 mm. The unit was equipped with a Hy-
dra-Cell pump (Wanner Engineering Inc., Minneapolis, MN, USA) capable of providing 
pressures up to 6800 kPa and a flow rate of 4.2 L/min. The temperature of the test solu-
tion was kept constant using a chiller/heater (Neslab RTE 7, Newington, NH, USA) 
equipped with a stainless steel heat exchanger coil, which was submerged directly into a 
stainless steel reservoir. Permeate flow was measured by a digital flow meter (Optiflow 
1000, Agilent Technologies, Palo Alto, CA, USA) connected to a PC, and the cross flow rate 
was monitored using a rotameter. 
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Table 4-1: Intrinsic physicochemical properties of the trace organic contaminants. 
 Sulfamethoxazole Bisphenol A Carbamazepine 
Molecular weight 
(g/mol) 
253.3 228.0 236.3 
Molecular widtha (nm) 0.526 0.383 0.507 
Molecular heighta (nm) 0.587 0.587 0.529 
Molecular lengtha (nm) 1.031 1.068 0.891 
Log KOW b 0.89 3.32 2.45 
Dissociation constantb pKa1 = 1.4, pKa2 = 5.8 pKa = 10.1 
pKa1 = -0.49, 
pKa2 = 13.94 
Molecular structure 
 
N
OS NNH2
O
O
H
CH
3
 
OH OH  
N
NH
2
O  
a  Reference source: Calculated using ChemOffice 2005. 
b  Reference source: SciFinder Scholar, data calculated using Advanced Chemistry Development 
(ACD/Labs) Software V8.14 for Solaris (1994-2007 ACD/Labs). 
 
4.2.4 Experimental protocol 
The membrane fouling/scaling and subsequent rejection experimental protocol was con-
ducted in two distinctive phases. An organic fouling layer was allowed to develop on the 
membrane surface in the first phase. The membrane was compacted using Milli-Q water 
at 1800 kPa for at least 1 h until a stable baseline flux was obtained. A fouling layer was 
then allowed to develop using a foulant cocktail consisting of 20 mg/L of humic acid in a 
background electrolyte solution containing 20 mM NaCl, 1 mM NaHCO3, and 1 mM CaCl2. 
The volume of the feed water solution was 7 L. Following the addition of the foulants, the 
crossflow velocity and permeate flux were adjusted to be 30.4 cm/s and approximately 
140 L m−2 h−1 (39 µm/s), respectively. This fouling development step was carried out for 
20 h and the feed solution was kept at pH 8. 
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The second phase began immediately after the development of the organic fouling layer. 
An aliquot of individual trace organic contaminant was added to the feed reservoir to re-
sult in a concentration of 750 µg/L. The solution pH was raised to 11 by adding an appro-
priate volume of 1 M NaOH to induce CaCO3 scaling. The permeate flux was readjusted to 
approximately 54 L m−2 h−1 (15 µm/s) while the crossflow velocity was maintained at 
30.4 cm/s. Feed and permeate samples were collected at regular time intervals for analy-
sis. All experiments were terminated when the permeate flux became stable again. In 
general, this scaling phase lasted about 24 h. Although membrane fouling and scaling 
were induced under rather unrealistic conditions in this study, this allows for a systematic 
investigation of the effects of membrane fouling and scaling on the rejection of trace or-
ganic contaminants. 
To examine the rejection of trace organic contaminants under a range of permeate fluxes 
by the clean NF270 membrane, a similar protocol but without the fouling development 
step was adapted. Following a standard membrane compaction procedure, a feed solu-
tion containing only 20 mM NaCl, 1 mM NaHCO3, and 750 µg/L of a selected trace organic 
contaminant was introduced to the feed reservoir. The feed solution pH was again kept 
constant at pH 11 by adding the necessary volume of 1 M NaOH. At each permeate flux, 
the system was stabilised for at least one hour before feed and permeate samples were 
collected for analysis. 
In all experiments described above, the temperature of the experimental solution was 
kept constant at 20.0 ± 0.1° C. Both permeate and retentate were recirculated back to the 
feed reservoir throughout the entire experiment. Observed rejection is defined as 
R = 100 × (1 – CP//CF), where CP and CF are the permeate and the feed concentrations, re-
spectively. 
 
4.2.5 SEM-EDS analysis 
The morphology and distribution of calcium deposited on the membrane surface were 
examined by scanning electron microscopy using a JEOL JSM-6460A instrument, with ad-
ditional semi-quantitative energy dispersive spectrometer analysis. Prior to SEM analysis, 
the membrane samples were air-dried and subsequently coated with an ultra-thin layer 
of carbon. Extreme care was taken when preparing the fouled and scaled membrane sam-
ples to ensure that the fouling and scaling layer remained intact. 
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4.2.6 Analytical methods 
A Shimadzu HPLC system (Shimadzu, Kyoto, Japan) equipped with a Supelco Drug Discov-
ery® C-18 column (with diameter, length and pore size of 4.6 mm, 150 mm, and 5 µm, 
respectively) and a UV–Vis detector was used to measure the concentrations of the trace 
organic contaminants in the feed and permeate. The detection wavelength was set at 
280 nm for all three trace organic contaminants selected in this study. The mobile phase 
used for gradient elution was Milli-Q-grade deionised water buffered with 25 mM KH2PO4 
and acetonitrile, which was delivered at 1 mL/min through the column. Calibration gener-
ally yielded standard curves with coefficients of determination (R2) greater than 0.98 
within the range of experimental concentrations used. The analysis was carried out im-
mediately upon the conclusion of each experiment. A sample injection volume of 50 µL 
was used, and the quantification limit for all the analytes under investigation using these 
conditions was approximately 20 µg/L. 
 
4.3 Results and discussion 
4.3.1 Membrane characteristics 
The NF270 nanofiltration membrane selected for this study consists of an ultra-thin semi-
aromatic piperazine-based polyamide layer on top of a polysulfone microporous support 
reinforced with a polyester non-woven backing layer (Freger et al. 2002). Mänttäri et al. 
(2004) provided a comprehensive characterisation of this membrane(Mänttäri et al. 2004). 
According to these authors, the NF270 membrane has several unique properties that 
make it a strong candidate for the treatment of high fouling potential wastewater 
(Mänttäri et al. 2004). In fact, data independently obtained in our study (Table 4-2) are in 
good agreement with the findings reported by Mänttäri et al. (2004). Because the polyam-
ide layer that makes up the membrane active layer contains both carboxylic and amine 
functional groups that can ionise in an aqueous solution, the membrane surface zeta po-
tential is highly negative at pH 4 or higher. Contact angle measurement of the membrane 
surface using the standard sessile drop technique indicates that the membrane is also 
very hydrophilic (Table 4-2). In addition, the NF270 has a very smooth surface with an 
average surface roughness of 8.6 nm (taken by atomic force microscopy measurement 
on a sample size of 2 µm by 2 µm). These unique set of membrane properties renders the 
NF270 membrane quite resistant to organic fouling (Mänttäri et al. 2004). It has also been 
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shown that the membrane responds very well to chemical cleaning under a relatively 
harsh condition (elevated pH and temperature) without any significant compromise in the 
membrane separation capacity (Mänttäri et al. 1997). Another important aspect of the 
NF270 membrane is the unusually high organic rejection-permeability characteristic. 
Table 4-2: Properties of the membrane used in this study 
Membrane Pure water 
permeability 
(Lm-2h-1bar-1) 
Average pore 
diametera 
(nm) 
NaCl  
rejection 
(%) 
Contact 
Angle (°) 
Virgin membrane zeta 
potentiala (mV) 
pH 4 pH 6 pH 8 
NF270 13.5 0.84 40.0 23.7 -8.0 -19.4 -24.7 
a (Nghiem and Hawkes 2007) 
 
 
Mänttäri et al. (2004) compared glucose rejection and permeate flux of the NF270 mem-
brane to more than 10 other nanofiltration membranes and found that the NF270 had 
the second highest permeability with a glucose rejection value of over 90% (Mänttäri et 
al. 2004). The authors attributed this high rejection-permeability characteristic of the 
NF270 membrane to a high porosity of the membrane active layer and/or a very thin se-
lective layer. Indeed, the membrane’s average pore diameter has been estimated to be 
0.84 nm (Nghiem et al. 2004) while the active layer thickness was reported to be approxi-
mately 20 nm (Freger et al. 2002). It is also noteworthy that the membrane has a relatively 
low salt rejection value making it a desirable membrane for wastewater treatment when 
desalination or hardness removal is not required. More importantly, as we reported in a 
previous study (Nghiem and Hawkes 2007), the magnitude of the influence of membrane 
fouling on trace organic contaminant rejection could be quite significant for loose NF 
membranes. Therefore, the NF270 membrane can be seen to be ideal to investigate the 
effect of multiple fouling/scaling layers on the rejection of trace organic contaminants. 
 
4.3.2 Membrane fouling and scaling development 
Permeate flux decline in response to membrane fouling differed quite distinctively from 
that to scaling. Excellent reproducibility was achieved with the accelerated membrane 
fouling and scaling development protocol used in this study. A typical permeate flux 
profile as a function of time during organic fouling and scaling development is presented 
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in Figure 4-1. Organic fouling-induced by the accelerated fouling protocol-resulted in an 
immediate and significant permeate flux decline within the first few hours of the experi-
ment (Figure 4-1). The permeate flux became stable at approximately 15 µm/s after about 
20 h. At the completion of the organic fouling development stage, in order to induce scal-
ing, the feed solution pH was raised to 11. At pH 11, the carbonate balance was shifted 
towards the fully deprotonated species CO32-. Consequently, the solubility limit of CaCO3 
was exceeded and the feed solution became supersaturated with respect to CaCO3. At 
pH 11, the Langelier saturation index (LSI) of the feed solution tested in this study was 
calculated to be 2.5 for CaCO3, clearly indicating a supersaturation condition. 
 
 
 
Figure 4-1: Permeate flux as a function of filtration time during organic fouling development 
followed by CaCO3 scaling development. Feed solution: 20 mM NaCl, 1 mM Na-
HCO3, 1 mM CaCl2, and 20 mg/L of humic acid. The solution pH was 8 and 11 during 
fouling and scaling development, respectively. 
 
The morphology of the scaling layer confirmed the deposition of calcium carbonate on 
the membrane surface (Figure 4-2A). Electron dispersive spectroscopy (EDS) analysis also 
confirmed the presence of calcium as the only dominant metallic ion in the scaling layer 
(Figure 4-3). In addition, EDS analysis of the scaled membrane resulted in a Ca:C:O atomic 
ratio of 1:1.6:2.6, which is very close to the atomic ratio of CaCO3 of 1:1:3. Sulphur was not 
detected in the CaCO3 scaling layer while a sulphur peak was clearly evident from the EDS 
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spectrum of the virgin membrane (Figure 4-3). This sulphur peak could possibly be at-
tributed to the polysulphone supporting layer of the NF270 membrane. 
The filtration behaviour reported in this study differs substantially from that of pure 
CaCO3 scaling. It is striking to note that membrane scaling did not occur immediately upon 
the increase of the feed solution pH to 11. In fact, an induction period of approximately 
400 min was observed prior to the onset of membrane scaling. Furthermore, membrane 
scaling following humic acid fouling did not result in a complete loss of permeate flux. In 
contrast, CaCO3 scaling occurred immediately and led to a complete loss of flux in a filtra-
tion experiment conducted under the same experimental conditions but in the absence 
of humic acid (data not shown). This is consistent with the morphology of the CaCO3 scal-
ing layer as shown in Figure 4-2B. In the absence of humic acid, the CaCO3 crystals are 
much larger than those in the presence of humic acid (Figure 4-2A). The complete loss of 
permeate flux can also be attributed to the agglomeration of CaCO3 crystals in the ab-
sence of humic acid (Figure 4-2B). 
 
 
Figure 4-2: SEM picture of the NF270 membrane surface: (A) CaCO3 scaling following humic 
acid fouling and (B) CaCO3 scaling in the absence of humic acid. 
 
It should be noted that supersaturation does not necessarily lead to immediate precipita-
tion (Sheikholeslami 2003). In good agreement with the data reported here, a prolonged 
induction period preceding the spontaneous formation of calcite in the presence of humic 
substances was observed by Klepetsanis et al. (2000). In addition, a significant change to 
the rate of calcite crystal growth occurred when humic substances were added to meta-
stable supersaturated calcium carbonate solutions (Amjad et al. 1998, Hoch et al. 2000). 
The influence of humic acid on CaCO3 crystal growth is also evident in the current study. 
 
 
Effects of fouling and scaling on the rejection of trace organic contaminants by a nanofiltration membrane: The role of cake-enhanced 
concentration polarisation 
79 
 
While CaCO3 crystals are clearly visible in Figure 4-2A, these crystals are small and quite 
uniform in size. The crystals appear to be loosely packed which can possibly explain the 
permeable nature of the scaling layer observed here. It is noted that at the end of the 
scaling development stage, the permeate flux was stable at 5 µm/s. In contrast, it is well 
known that in a pure solution, calcium carbonate can form a dense and adherent scaling 
layer with large sized calcite crystals, which results in a complete loss of permeate flux 
(Tzotzi et al. 2007). 
 
Figure 4-3: EDS spectrum of the NF270 membrane surface under clean and prefouled/scaled 
conditions. 
 
Humic acid fouling followed by CaCO3 scaling was simulated using an accelerated protocol 
in this study. Nevertheless, results reported here have an obvious practical implication. 
Due to the complexity of secondary treated effluent or surface water, it is likely that mem-
brane fouling will precede inorganic scaling (Xu et al. 2010, Yang et al. 2008). The interplay 
between organic fouling and inorganic scaling may have a profound impact on the rejec-
tion of trace organic contaminants as will be described in the next section. 
 
4.3.3 Effects of fouling/scaling on the membrane rejection behaviour 
Solute rejection values were monitored during the scaling development phase to eluci-
date the influence of membrane scaling on the separation behaviour of the NF270 mem-
brane. Rejection values of both inorganic salts (measured by conductivity) as well as trace 
organic contaminants were stable during the scaling induction period of approximately 
400 min (Figure 4-4 to 4-6). However, at the onset of CaCO3 precipitation on the mem-
brane surface, inorganic scaling resulted in a marked decrease in the rejection of all three 
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trace organic contaminants. Due to membrane scaling, the rejection values of sulfameth-
oxazole, bisphenol A and carbamazepine were reduced by 60%, 43%, and 70%, respec-
tively. The impact of membrane scaling on the rejection of trace organics was much more 
severe than that due to organic fouling as previously reported (Nghiem and Hawkes 2009, 
Verliefde et al. 2009). At the onset of membrane scaling, the decrease in trace organic 
rejection mirrors the decrease in permeate flux. Nevertheless, the influence of membrane 
scaling on conductivity was significantly less than on the rejection of trace organic con-
taminants (Figure 4-4). 
The decrease in solute rejection can partially be attributed to the decrease in permeate 
flux. Due to membrane scaling, it is noteworthy that the permeate flux decreased from 
15 µm/s to approximately 5 µm/s. In fact, the influence of permeate flux on solute rejec-
tion can be quantitatively modelled for a membrane of known effective pore size (Nghiem 
et al. 2004). Figure 4-7 shows the rejection of both trace organic contaminants and con-
ductivity as a function of the permeate flux under clean membrane conditions (i.e. without 
any interference of organic fouling or scaling). Without the interference of membrane 
fouling and scaling, conductivity rejection decreased by approximately 20% as the perme-
ate flux decreases from 16 µm/s to 4 µm/s. The decrease in the rejection of all three trace 
organic contaminants was substantially less. Therefore, it is clear that permeate flux de-
cline is not a major cause of the significant decrease in trace organic rejection observed 
in this study. 
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Figure 4-4:  Effects of CaCO3 scaling on the permeate flux and rejection of sulfamethoxazole 
and conductivity. Only the scaling development stage was depicted. Feed solution 
composition is as in Figure 4-1. Error bar shows standard deviation of repetitive 
experiments. 
 
The influence of membrane fouling/scaling on solute rejection can be governed by three 
major mechanisms. For large pore size membranes, fouling/scaling can result in pore con-
striction, which can ultimately lead to an increase in rejection of some solutes. The fouling 
or scaling layer deposited on the membrane surface can also modify the membrane sur-
face charge density, altering the separation of charged solutes. Another important mech-
anism suggested by Elimelech and co-workers (Hoek and Elimelech 2003, Lee et al. 2005, 
Ng and Elimelech 2004) is the hindrance of solute diffusion from the vicinity of the mem-
brane surface back to the bulk solution due to the presence of a porous cake layer, result-
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ing in the so-called cake-enhanced concentration polarisation effect. Cake-enhanced con-
centration polarisation can lead to a higher concentration of solute at the membrane sur-
face. Because the intrinsic rejection of the membrane remains unchanged, cake-en-
hanced concentration polarisation can eventually lead to a higher solute concentration in 
the permeate, or in other words, a decrease in rejection. 
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Figure 4-5: Effects of CaCO3 scaling on the permeate flux and rejection of bisphenol A. Only the 
scaling development stage was depicted. Feed solution composition is as in Figure 
4-1. Error bar shows standard deviation of repetitive experiments. 
 
It is clear that pore constriction cannot explain the consistent decrease in solute rejection 
as a result of membrane scaling reported in this study. Alteration of the membrane sur-
face charge density can influence the rejection of charged solutes. However, carbamaze-
pine is a neutral compound under the experimental conditions used in this study. Given 
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the significant reduction of carbamazepine rejection of almost 70% due to membrane 
scaling, membrane surface charge modification is probably not a major mechanism gov-
erning the influence of membrane scaling on the rejection of trace organic contaminants. 
In addition, the reductions in rejection of both sulfamethoxazole and bisphenol A are not 
as severe as that of carbamazepine. This can be attributed to the fact that electrostatic 
interactions between the negatively charged membrane and the negatively charged sul-
famethoxazole or bisphenol A remain quite prevalent. Therefore, it can be concluded that 
cake-enhanced concentration polarisation is responsible for the rapid decline in rejection 
of the three trace organic contaminants reported here. In fact, decrease in rejection of 
trace organic contaminants due to cake-enhanced concentration polarisation following 
membrane fouling has been widely reported in the literature. Organic fouling results in a 
relatively small cake-enhanced concentration polarisation effect, which can lead to a small 
but nevertheless discernible decrease in the rejection of trace organic contaminants. On 
the other hand, colloidal fouling can produce a porous cake layer, resulting in a strong 
cake-enhanced concentration polarisation effect. Consequently, colloidal fouling can lead 
to a more severe decrease in the rejection of trace organic contaminants as compared to 
organic fouling (Lee et al. 2005, Nghiem et al. 2008, Verliefde et al. 2009). Previous studies 
have also demonstrated that the impact of cake-enhanced concentration polarisation on 
rejection can be influenced by the relative size of the membrane pores and the size of the 
solute. Ng and Elimelech (2004) reported that the decrease in the rejection of ethylene 
glycol and glycerol by the reverse osmosis LFC-1 membrane due to silica colloidal fouling 
was 33% and 25%, respectively (under the most severe cake-enhanced concentration po-
larisation). The molecular weight of ethylene glycol and glycerol is 62.1 g/mol and 
92.1 g/mol, respectively. In good agreement with the current study, the effect on NaCl 
rejection was considerably less than that on these two organic compounds. In contrast, 
Ng and Elimelech (2004) reported that the silica colloidal cake layer showed negligible ef-
fect on the rejection of larger organic compounds such as xylose (molecular weight of 
150.1 g/mol). 
The NF270 membrane used in this study is a loose nanofiltration membrane with an ef-
fective pore size larger than the molecular size of the three trace organic contaminants 
(Tables 4-1 and 4-2). Considerable influence of organic and silica colloidal fouling on the 
rejection of sulfamethoxazole by the NF270 membrane has been reported (Lee et al. 2005, 
Ng and Elimelech 2004, Nghiem et al. 2008, Verliefde et al. 2009, Xu et al. 2006a). However, 
the reduction in trace organic rejection due to the combination of humic acid fouling and 
CaCO3 scaling reported here was much more dramatic than that previously reported in 
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the literature with respect to organic and colloidal fouling (Ng and Elimelech 2004, Nghiem 
et al. 2008, Verliefde et al. 2009, Yangali-Quintanilla et al. 2009). It is clear that the ob-
served cake-enhanced concentration polarisation phenomenon was more severe than 
that reported with colloidal and organic fouling. 
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Figure 4-6: Effects of CaCO3 scaling on the permeate flux and rejection of carbamazepine. Only 
the scaling development stage was depicted. Feed solution composition is as in  
Figure 4-1. 
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Figure 4-7: Effects of permeate flux on the rejection of sulfamethoxazole, bisphenol A, carbam-
azepine, and conductivity under clean membrane conditions. Feed solution: 20 mM 
NaCl, 1 mM NaHCO3, 1 mM CaCl2 pH = 8. Error bar shows standard deviation of 3 
repetitive experiments. 
 
4.3.4 Cake-enhanced concentration polarisation 
In this study, a combination of humic acid fouling followed by CaCO3 scaling was examined 
to elucidate the impact of cake-enhanced concentration polarisation on solute rejection. 
Humic acid fouling by itself may not result in a substantial cake-enhanced concentration 
polarisation effect as previously reported in the literature. However, as discussed above, 
humic acid can significantly influence the morphology of the CaCO3 crystals, resulting in a 
rather porous scaling layer. Such a scaling layer can induce a strong cake-enhanced con-
centration polarisation effect similar to that of colloidal fouling previously reported by 
several researchers. More importantly, the combination of humic acid fouling and CaCO3 
scaling could result in the so-called ‘extended cake-enhanced concentration polarisation’ 
effect, which can be schematically described in Figure 4-8. Since the CaCO3 scaling layer 
was formed on top of the humic acid fouling layer, the wall shear rate at the membrane 
between the scaling layer and the membrane surface will be dramatically reduced. Wall 
shear rate is an important factor governing the extent of cake-enhanced concentration 
polarisation effect. Ng and Elimelech (2004) reported that the rate of decline in solute 
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rejection due to cake-enhanced concentration polarisation correlated inversely with wall 
shear rate. As a result, the low wall shear rate as a consequence of combined humic acid 
fouling and CaCO3 scaling can possibly account for the dramatic decrease in the rejection 
of trace organic contaminants reported here. 
 
 
Figure 4-8: Schematic diagram of the cake-enhanced concentration polarisation phenomenon:  
(A) cake-enhanced concentration polarisation caused by a single fouling layer and  
(B) the proposed extended cake-enhanced concentration polarisation phenome-
non caused by a combination of membrane fouling and scaling. 
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4.4 Conclusions 
Results reported here indicate that CaCO3 scaling on top of a humic acid fouling layer does 
not necessarily lead to an immediate and complete loss of permeate flux but can result 
in a severe impact on the rejection of trace organic contaminants. Due to the presence of 
humic acid in the feed solution, CaCO3 scaling on top of an organic fouling layer can differ 
substantially from that of a pure CaCO3 solution. A prolonged induction period was con-
sistently observed prior to the onset of membrane scaling. SEM analysis also confirmed 
the absence of any large CaCO3 crystals. In fact, the CaCO3 crystals on the membrane 
surface were quite small and similar in size, which would result in a relatively porous cake 
layer. At the onset of CaCO3 scaling, the rejection of all three trace organic contaminants 
investigated here started to decrease dramatically. The decrease in rejection reported 
here was much more severe than what had been previously observed with a single layer 
of either organic or colloidal fouling. Such severe decrease in rejection can be attributed 
to the extended cake-enhanced concentration polarisation effect that occurred as a result 
of the combination of membrane fouling and scaling. The porous CaCO3 scaling layer 
could cause a substantial cake-enhanced concentration polarisation effect. In addition, 
the top CaCO3 scaling layer could reduce the wall shear rate within the underlying humic 
acid fouling layer, resulting in an additional concentration polarisation effect. 
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5 Summary and conclusions 
Nanofiltration/reverse osmosis (NF/RO) processes may be a suitable means for the treat-
ment of landfill leachate and municipal wastewater prior to discharge into surface waters 
as well as wastewater reclamation schemes, respectively. Out of the large number of im-
pact factors on the rejection of trace organic contaminants (TrOCs) by NF/RO, membrane 
fouling was selected to study its impact on the removal of TrOCs from synthetic 
wastewater by nanofiltration. This topic was chosen, because even a very comprehensive 
pre-treatment of wastewater may not be able to eliminate fouling causing constituents 
entirely. Consequently, membrane fouling, particularly organic fouling, has always been 
and will be an inseparable part of membrane filtration processes using feed water pol-
luted with e.g. organic macromolecules. In addition to organic and inorganic fouling, the 
impact of the presence or absence of divalent ions, namely Ca2+ was studied, since the 
importance of this common wastewater constituent on membrane fouling has been 
shown in previous research. 
In chapter 2 the impact of varying concentrations of calcium in the feed water on devel-
opment and implications of organic membrane fouling by humic acid was studied for the 
commercially available NF270 membrane. The results reported demonstrate a consider-
able effect of the feed water calcium concentration on membrane fouling, which is con-
sistent with several previous studies. The observed increase of fouling due to the pres-
ence of calcium in the feed was attributed to intermolecular bridging between the organic 
foulant and the membrane (solute-membrane interaction) caused by cations. Further-
more, complexation between calcium and the functional groups of the humic acid (solute-
solute interaction) may occur leading to a reduced interchain repulsion between the mac-
romolecules of the humic acid. This results in the formation of small and coiled macro-
molecules. Additionally, calcium can partly neutralise the membrane charge (solute-mem-
brane interaction). 
The fouling observed for a feed solution containing humic acid and calcium (0.5 and 
1 mM) occurred in two distinctive steps, an initial steep decrease, which was attributed to 
pore blocking, followed by a more gradual decline, interpreted to be due to a second foul-
ing mechanism, namely the formation and compaction of the cake layer on the mem-
brane surface. The overall extent of flux decline with time was clearly dependent on the 
calcium concentration. There appears to be a critical calcium concentration of 0.5 mM, at 
which, under the conditions of this study, fouling was most severe. In contrast, both the 
absence of calcium as well as a higher concentration (4 mM) of calcium caused fouling to 
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a lower extent. It is hypothesised that a high calcium concentration may lead to the for-
mation of large and compact aggregates (or flocs) that are bigger than the pores and 
therefore cannot penetrate into the pores. At lower calcium concentrations smaller ag-
gregates are formed, resulting in a dense cake layer and/or pore blocking. 
The study also showed a significant influence of fouling on the rejection of bisphenol A 
(BPA). An initial drop of the BPA rejection was observed for all calcium concentrations 
studied. Depending on the calcium concentration, the extent of the drop differed signifi-
cantly leading to a large variation of the extent of BPA rejection. Adsorption of BPA to the 
membrane surface and possibly the humic acid appears to be responsible for the high 
rejection in the beginning of the test which would be consistent with previous studies 
where a significant adsorption of hydrophobic, neutral compounds onto NF membranes 
was found. For the lowest fouling observed (at 0 mM of calcium), the BPA rejection was 
also the lowest of the study. This is attributed to limited pore blocking occurring in the 
absence of calcium resulting in a less dense fouling layer. At a calcium concentration of 
4 mM large aggregates are hypothesised to be formed that are too large to block pores 
and also form a fairly porous cake layer on the membrane surface. Therefore, an addi-
tional mechanism, the so-called cake-enhanced concentration polarisation may also have 
been effective. That would have led to a decreased back diffusion of solutes into the bulk 
solution and hence a higher solute concentration near the membrane, which eventually 
results in a lower rejection. 
Rejection increased commensurately with the extent of fouling. However, the highest re-
jection (at 1 mM of calcium) was not observed when fouling was most severe (at 0.5 mM 
of calcium). It is hypothesised that at 0.5 and 1 mM of calcium small coiled macromole-
cules are formed resulting in pore blocking and therefore leading to an enhanced sieving 
effect. Furthermore, the formation of a dense cake layer may have contributed to this 
additional sieving effect leading to an increase in rejection. However, a different transport 
mechanism of solutes due to hydrophobic interaction may explain the observation that 
at 1 mM of calcium the highest BPA rejection did not coincide with the most severe foul-
ing. Due to the formation of a hydrophobic membrane fouling layer interactions of solutes 
with the membrane may be hindered, which could result in less solute partitioning and 
diffusion across the membrane. This has been reported as a major transport mechanism 
for hydrophobic solutes. All the mechanisms described may occur simultaneously and 
their single effects cannot easily be separated.  
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In chapter 3 the impact of calcium on organic membrane fouling and its implications on 
the rejection behaviour of the TrOC BPA is described. However, the focus of the study was 
expanded by an additional variation of the membrane physico-chemical properties (e.g. 
pore size, hydrophobicity, surface roughness) through inclusion of two more membranes 
in the work. Results demonstrate a considerable impact of the feed water calcium con-
centration on membrane fouling for the NF90 and TFC-SR2 membranes too. This is in 
accordance with the results for the NF270 membrane (chapter 2). Furthermore, similar 
phenomena were observed for the NF90 and TFC-SR2 as for the NF270, e.g. the occur-
rence of a critical calcium concentration at approximately 0.5 to 1 mM of calcium, where 
fouling and, hence, flux decline were most severe. Less fouling was again observed in case 
of the absence of calcium and a high concentration (4 mM) of calcium in the feed. 
A clear impact of humic acid fouling in the presence of calcium in the feed solution on the 
membrane hydrophobicity, an important membrane characteristic, was observed for all 
three membranes tested. It was shown that membrane hydrophobicity for the fouled 
membranes is primarily governed by the adhesion of the humic acid layer irrespective of 
the initial surface characteristics of the clean membrane. The existence of a hydrophobic 
fouling layer on the membrane surface may potentially affect the separation process, par-
ticularly for hydrophobic compounds such as BPA. 
As discussed above, an initial adsorption of BPA to the membrane was observed for all 
three membranes before the BPA concentration in the permeate reached a constant level. 
Similar to the NF270 membrane there was a considerable variation to the BPA rejection 
as a function of the extent of fouling also for the TFC-SR2 membrane. There are several 
antagonistic mechanisms governing BPA rejection such as pore blocking, cake-enhanced 
concentration polarisation and the impact of the fouling layer on hydrophobic solute-
membrane interaction. This leads to a rather complex system of transport mechanisms. 
For the loose TFC-SR2 membrane, pore blocking or even pore plugging due to organic 
fouling resulted in a significant increase of BPA rejection for all calcium concentrations 
and in the absence of calcium. The BPA rejection correlated well with the extent of fouling. 
Cake enhanced concentration polarisation would have played a very minor role for the 
TFC-SR2 due to its relatively large pore size. 
For the tight NF90 membrane, a small but still discernible increase of the BPA rejection 
under fouled conditions can be observed. Due to the average pore size of the membrane 
in the range of the molecular dimensions of BPA or even smaller, pore blocking would 
have played only a limited role in BPA rejection. The presence of a separating fouling layer 
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on the membrane surface is assumed to hinder interactions between the membrane and 
the solute (BPA) to a greater extent. This would result in less partitioning and diffusion 
across the membrane and therefore an increase in rejection. 
The combined organic and inorganic fouling (scaling) and the resulting implications on 
rejection of three selected TrOCs by the NF270 membrane are discussed in chapter 4. 
Results reported indicate that CaCO3 scaling on top of a humic acid fouling layer does not 
necessarily lead to an immediate and complete loss of permeate flux. In contrast, ‘pure’ 
CaCO3 scaling occurred immediately and led to a complete loss of flux when humic acid 
was absent in the feed. Scanning electron microscopy analysis confirmed differences in 
the nature of the scaling layer in the presence or absence of humic acid, an observation 
which is consistent with the observed filtration behaviour. In the presence of humic acid 
CaCO3 crystals appear to be small and rather loosely packed which could explain the per-
meable nature of the scaling layer and the resulting prevention of a complete loss of flux. 
Furthermore, the observed prolonged induction period prior to the onset of scaling is in 
good agreement with scaling studies on solutions containing humic substances reported 
in the literature. On the other hand, in the absence of humic acid large sized CaCO3 crys-
tals are formed that tend to agglomerate and form a dense and adherent scaling layer on 
top of the membrane surface.  
Monitoring of the membrane performance during the stage of scaling development 
showed a dramatic decrease of the rejection of all three trace organic contaminants start-
ing right at the onset of CaCO3 scaling. The decrease in rejection of 45, 60 and 70% for 
bisphenol A, sulfamethoxazole, and carbamazepine, respectively, was much more exten-
sive than what had been previously observed with a single layer of either organic or col-
loidal fouling. The observed flux decline could be ruled out as a major cause of the signif-
icant decrease in trace organics rejection observed in this study. In general, there are 
three major mechanisms responsible for solute rejection under fouling/scaling condi-
tions, namely pore constriction/blocking, modification of the membrane surface charge, 
and cake-enhanced concentration polarisation. Firstly, the observed consistent decrease 
in solute rejection for all TrOCs tested cannot be attributed to pore constriction/blocking. 
Also, alteration of the membrane surface charge density cannot explain the severe drop 
of rejection for carbamazepine since it is a neutral compound at the conditions used in 
the study. However, for the negatively charged solutes sulfamethoxazole and BPA this 
mechanism would be expected to have played a role in governing rejection. 
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It is concluded that cake-enhanced concentration polarisation has caused the rapid de-
cline in rejection of the three TrOCs tested here. This transport mechanism has been re-
ported in the literature to be relatively weak for organic fouling and strong for colloidal 
fouling. However, the combination of organic fouling and CaCO3 scaling could result in the 
so-called ‘extended cake-enhanced concentration polarisation effect’. The porous CaCO3 
scaling layer could cause a substantial cake-enhanced concentration polarisation effect. 
In addition, the top CaCO3 scaling layer could reduce the wall shear rate within the under-
lying humic acid fouling layer, resulting in an additional concentration polarisation effect. 
It has been shown that fouling (organic fouling, combined organic/inorganic fouling, foul-
ing in the presence of calcium) may have a considerable impact on the removal of TrOCs 
by nanofiltration membranes. Although fouling can improve the rejection of TrOCs under 
certain conditions, measures should be taken to generally avoid fouling since it also neg-
atively affects the membrane performance (flux) and membrane lifetime. There are sev-
eral parameters in NF/RO membrane filtration systems that should be addressed in order 
to mitigate fouling such as the membrane (module) design, pre-treatment of the feed 
stream, and operational aspects (e.g. recovery, use of anti-biofouling agents and anti-scal-
ants). Designing tailor-made membranes (e.g. by interfacial or grafting polymerisation, 
incorporation of nanoparticles) aims at higher selectivity, rejection tendency and low foul-
ing propensity. Thereby, membranes with characteristics adjusted to the conditions of the 
intended application may be developed. Another important aspect is the pre-treatment 
of the feed. There are probably only few applications, which are suitable for a stand-alone 
operation of a NF/RO membrane system. Most (environmental) applications such as 
drinking water treatment or wastewater reclamation/reuse will need an appropriate pre-
treatment like microfiltration, ultrafiltration, membrane bioreactors or even advanced ox-
idation processes (e.g. pre-ozonation). In terms of the operational parameters a suitable 
balance between the main objectives of meeting the product water (permeate) quality 
requirements, economical aspects like low energy consumption, and low fouling propen-
sity must be found.  
As a consequence of the complexity of the matter, as elaborated in this work, an expert 
engineering approach will be needed to work out the best solution for a particular task. 
Future developments in the membrane field will probably expand the scope of potential 
applications of this technology, but solutions will be more and more specific rather than 
following a general approach. In order to be able to set up a purpose-specific membrane 
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system the intrinsic mechanisms of the transport and the separation processes including, 
for example membrane fouling, need to be understood and considered in the design. 
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In der Schriftenreihe „Beiträge zu Abfallwirtschaft/Altlasten“ des Institutes für Abfall- und 
Kreislaufwirtschaft sind folgende Bände erschienen: 
  Preis EUR 
 zzgl. Porto und Versand 
 Erstes Abfall- und Altlastenkolloquium – Altholzseminar vergriffen 
Band 1  Möglichkeiten und Grenzen der Verbrennung von landwirt-
schaftlichen Reststoffen und Nebenprodukten für die Kalkpro-
duktion 
vergriffen 
Band 2 Steuerungsmöglichkeiten abfallwirtschaftlicher Gebühren vergriffen 
Band 3 Prozeßbezogene Silberbilanzierung bei der Diafilmentwicklung 
im Fotogroßlabor 
begrenzt 
kostenlos 
Band 4 Langzeitverhalten von Deponien vergriffen 
Band 5 Steuerungsmöglichkeiten abfallwirtschaftlicher Gebühren in 
Großwohnanlagen 
vergriffen 
Band 6 6 Jahre Verpackungsverordnung – eine Zwischenbilanz vergriffen 
Band 7 Anaerobe biologische Abfallbehandlung begrenzt 
kostenlos 
Band 8 125 Jahre geordnete Müllabfuhr in Dresden vergriffen 
Band 9 Thermische Abfallbehandlung Co-Verbrennung vergriffen 
Band 10 Ein Simulationsmodell des Kompostierungsprozesses und 
seine Anwendung auf Grundfragen der Verfahrensgestaltung 
und Verfahrensführung 
vergriffen 
 
Band 11 Auswirkungen der Konzentratrückführung nach der Membran-
filtration auf die Sickerwasserneubildung von Hausmülldepo-
nien 
vergriffen 
Band 12 Anaerobe biologische Abfallbehandlung 
Erfahrungen – Konzepte – Produkte 
vergriffen 
Band 13 Stoffstrommanagement für Abfälle aus Haushalten  vergriffen 
Band 14 Langzeitemissionsverhalten von Deponien für Siedlungsabfälle 
in den neuen Bundesländern 
vergriffen 
 
 
 
 
 
Band 15 Untersuchungen zum Säurepufferungsverhalten von Abfällen 
und zur Stofffreisetzung aus gefluteten Deponien 
begrenzt 
kostenlos 
Band 16 Brennstofftechnische Charakterisierung von Haushaltsabfällen vergriffen 
Band 17 Einfluss von Deponien auf das Grundwasser 
- Gefährdung, Prognose, Maßnahmen - 
vergriffen 
Band 18 Analytical Workshop on Endocrine Disruptors  vergriffen 
Band 19 Anaerobe biologische Abfallbehandlung 
Grundlagen – Probleme – Kosten 
begrenzt 
kostenlos 
Band 20 Thermische Abfallbehandlung 2002 vergriffen 
Band 21 Einfluss der getrennten Sammlung von graphischem und Ver-
packungspapier auf den Schadstoffgehalt im Altpapier am Bei-
spiel von Pentachlorphenol und Polycyclischen Aromatischen 
Kohlenwasserstoffen 
vergriffen 
Band 22 Die „ökologische Wertigkeit der Entsorgung“ unter Berücksich-
tigung des Transportaspektes am Beispiel Altkühlgeräte im 
Land Brandenburg 
vergriffen 
Band 23 Endokrin wirksame Substanzen in Abwasser und Klärschlamm 
Neueste Ergebnisse aus Wissenschaft und Technik  
begrenzt 
kostenlos 
Band 24 Ökologische Bilanzierung von Verwertungsverfahren für Tro-
ckenbatterien 
vergriffen 
Band 25 Untersuchungen zur Verdichtung von Restabfall mittels Kom-
paktoren  
vergriffen 
Band 26 Ein neues Probenahmemodell für heterogene Stoffsysteme begrenzt 
kostenlos 
Band 27 Schwermetalle in Haushaltsabfällen – Potenzial, Verteilung und 
Steuerungsmöglichkeiten durch Aufbereitung 
vergriffen 
Band 28 Third International Conference on Water Resources and Envi-
ronment Research (3 Bände) 
vergriffen 
Band 29 Mikrobielles Abbaupotential im Untergrund begrenzt 
kostenlos 
Band 30 Endokrin aktive Stoffe im Klärschlamm begrenzt 
 
 
 
 
 
kostenlos 
Band 31 First European Conference on MTBE vergriffen 
Band 32 Anaerobe biologische Abfallbehandlung 
– Neue Entwicklungen – 
vergriffen 
Band 33 Potenzial technischer Abwasser- und Klärschlammbehand-
lungsverfahren zur Elimination endokrin aktiver Substanzen  
26,00 
Band 34 Verhalten der endokrin wirksamen Substanz Bisphenol A  
bei der kommunalen Abwasserentsorgung  
26,00 
Band 35 Trockene Tonne – Neue Wege und Chancen einer gezielten 
stofflichen Verwertung 
15,00 
Band 36 Comparative Evaluation of Life Cycle  
Assessment Models for Solid Waste Management 
10,00 
Band 37 Abfallkennzahlen für Neubauleistungen im Hochbau 10,00 
Band 38 Endokrin aktive Stoffe in Abwasser und Klärschlamm 30,00 
Band 39 Handbook on the implementation of Pay-As-You-Throw  
as a tool for urban waste management 
vergriffen 
Band 40 Thermische Abfallbehandlung 2005 vergriffen 
Band 41 Anforderungen an die Aufbereitung von Siedlungs- und Pro-
duktionsabfällen zu Ersatzbrennstoffen für die thermische 
Nutzung in Kraftwerken und industriellen Feuerungsanlagen 
30,00 
Band 42 Perspektiven von Deponien – Stilllegung und Nachnutzung 
nach 2005 
30,00 
Band 43 Verfahren zur Herstellung und zum Einbau Kornskelett-inte-
grierter-Erdstoffabdichtungen unter Vakuumeinfluss  
30,00 
Band 44 Restabfallmengen aus privaten Haushalten in Sachsen – Ent-
wicklung eines abfallwirtschaftlichen Simulations- und Progno-
semodells 
30,00 
Band 45 Effizienz-Modell zur Bewertung der Transportlogistik in der Ab-
fallwirtschaft 
30,00 
Band 46 Anaerobe biologische Abfallbehandlung 
- Entwicklungen, Nutzen und Risiken der Biogastechnologie - 
30,00 
 
 
 
 
 
Band 47 Analytik und Freisetzungsverhalten von Chlor in abfallstämmi-
gen Brennstoffen 
30,00 
Band 48 Das ElektroG und die Praxis 
Monitoring – Erstbehandlung – Technik 
30,00  
Band 49 Resource Efficiency Strategies for Developing Countries 30,00 
Band 50 Thermische Abfallbehandlung 2007 30,00 
Band 51 Untersuchungen zur Qualifizierung der Grundwasserimmis-
sion von polyzyklischen aromatischen Kohlenwasserstoffen 
mithilfe von passiven Probenahmesystemen 
30,00  
Band 52 Abfallwirtschaft und Klimaschutz 
Emissionshandel-Emissionsminderung-Klimaschutzprojekte 
30,00  
Band 53 Wirbelschichttechnik in der Abfallwirtschaft 30,00 
Band 54 EBS – Analytik – Anforderungen – Probleme – Lösungen 30,00 
Band 55 Improvements of Characterization of Single and Multisolute 
Absorption of Methyl tert-Butyl Ether (MTBE) on Zeolites 
30,00  
Band 56 Proceedings MGP 2008  
Redevelopment, Site Management and Contaminant Issues of 
former MGP’s and other Tar Oil Polluted Sites 
30,00 
Band 57 Anaerobe biologische Abfallbehandlung 
- Neue Tendenzen in der Biogastechnologie 
30,00 
 
Band 58 Leitfaden Natürliche Schadstoffminderung bei Teerölaltlasten. 
KORA-Themenverbund 2 
begrenzt 
kostenfrei   
Band 59 VON NANO-TECH BIS MEGA SITES. Forschung am IAA 30,00  
Band 60 II. EBS – Analytik Workshop 
 - Qualitätssicherung und Inputkontrolle -  
30,00  
Band 61 4. Symposium Endokrin aktive Stoffe in Abwasser, Klär-
schlamm und Abfällen 
30,00  
Band 62 Brennpunkt ElektroG 
Umsetzung - Defizite - Notwendigkeiten 
30,00  
Band 63 Umweltverträgliches und kosteneffizientes Bodenmana-
gementsystem 
30,00 
 
 
 
 
 
Band 64 Untersuchungen zur Quellstärke verschiedener Abfall-
stoffe 
30,00 
Band 65 15. Fachtagung Thermische Abfallbehandlung 2010 39,00 
Band 66 III. EBS – Analytik Workshop 30,00 
Band 67 Anaerobe biologische Abfallbehandlung 
- Aktuelle Tendenzen, Co-Vergärung und Wirtschaftlich-
keit - 
30,00 
Band 68 Untersuchungen zum anaeroben Abbau proteinreicher 
Reststoffe 
30,00 
Band 69 Schwermetalle aus Elektroaltgeräten und Batterien im  
kommunalen Restabfall 
30,00 
Band 70 German-Vietnamese Platform for Efficient Urban Water 
Management 
kostenlos 
als CD 
erhältlich 
Band 71 Siloxane in mechanisch-biologischen Abfallbehandlungs-
anlagen 
30,00 
Band 72 Charakterisierung und Verbrennung von Shredderleicht-
fraktionen in einer stationären Wirbelschicht 
30,00 
Band 73 Integrated Water Resources Management in Vietnam – 
Handbook for a sustainable approach 
30,00 
Band 74 Quản lý tích hợp tài nguyên nước ở Việt Nam – Sách hướng dẫn 
tới phát triển bền vững   
30,00 
Band 75 Bereitstellung von bioabfall für die BtL-Produktion duch eine 
nassmechanische Aufbereitung 
30,00 
Band 76 Nutzung von NA-Prozessen zur Samierung MTBE-belasteter 
Grundwässer am Beispiel des Referenzstandortes Leuna, Sach-
sen-Anhalt 
30,00 
Band 77 Vermeidung von Treibhausgasemissionen durch Steigerung 
der Energieeffizienz deutscher Müllverbrennungsanlagen 
30,00 
Band 78 Strategic Directions and Policy Options for Hazardous Waste 
Management in Thailand 
30,00 
 
 
 
 
 
Band 79 20 Jahre Abfallwirtschaft, Herstellerverantwortung, Produktpo-
litik / 20 years Waste Management, Producer Responsibility, 
Product Policy 
30,00 
Band 80 SILOXANE - Siliziumorganische Verbindungen in der Abfallwirt-
schaft 
30,00 
Band 81 8. Biogastagung Dresden - Biogas aus Abfällen und Reststoffen 30,00 
Band 82 Biogas and Mineral Fertiliser Production from Plant Residues 
of Phytoremediation 
30,00 
Band 83 Guidelines for a sustainable restoration, stabilisation and 
management of lakes in the tropics  
30,00 
Band 84 Entwicklung eines Schnelltestsystems zur Bestimmung brenn-
stoffrelevanter Parameter von Ersatzbrennstoffen 
30,00 
Band 85 A Laboratory Simulation of Municipal Solid Waste Biodegrada-
tion in Landfill Bioreactors 
30,00 
Band 86 Potentials and Limitations of Energy Recovery from Municipal 
Solid Waste in Vietnam 
30,00 
Band 87 Risk-Based Management of Chemicals and Products in a Circu-
lar Economy at a Global Scale  
30,00 
Band 88 Biokunststoffe in Verwertung und Recycling 30,00 
Band 89 The effect of sediment removal on selected processes of nitro-
gen cycle in Hoan Kiem Lake (Hanoi, Vietnam) 
30,00 
Band 90 Nachhaltiger Umgang mit nicht erneuerbaren Ressourcen - 
Stoffstrommanagement als Verbindung zwischen Abfallwirt-
schaft und Chemiepolitik  
30,00 
Band 91 Evaluation of informal sector activities in Germany under con-
sideration of electrical and electronic waste management sys-
tems 
30,00 
Band 92 9. Biogastagung Dresden - Anaerobe Biologische Abfallbehand-
lung 2013 
30,00 
Band 93 Recycling von PVC aus Kunststoffabfällen mit Hilfe des Carbid-
prozesses 
30,00 
 
 
 
 
 
Band 94 Modellierung von Strömungs- und Stofftransportprozessen bei 
Kombination der ungesättigten Bodenzone mit technischen 
Anlagen. 
30,00 
Band 95 Untersuchungen zur Biofiltration flüchtiger Methylsiloxane 30,00 
Band 96 Desintegration und anaerobe Verwertung bioabbaubarer Bio-
kunststoffe 
30,00 
Band 97 10. Biogastagung Dresden - Anaerobe Biologische Abfallbe-
handlung 2015 
30,00 
Band 98 n.n. (Veröffentlichung folgt)  
Band 99 Entwicklung und Implementierung einer Methodik zur Erfas-
sung der Grünschnittpotenziale von Siedlungs- und Verkehrs-
flächen in kommunale Verwertungsstrukturen 
30,00 
Band 100 Review of arsenic contamination and human exposure through 
water and food in rural areas in Vietnam Hanoi  
30,00 
Band 101 11. Biogastagung Dresden (21./22. September 2017): 
Anaerobe biologische Abfallbehandlung – Innovationen und In-
ternationalisierung 
30,00 
Band 102 Modellgestütztes Monitoring von Störungen der Prozessbiolo-
gie in Biogasanlagen 
30,00 
Band 103 Managed Aquifer Recharge Assessment to Overcome Water 
Scarcity During the Dry Season in Costa Rica 
30,00 
 
Die vergriffenen Bände 16, 27, 31, 32 und 39 können als CD zum Preis von 15,- € + Porto 
und Verpackung versendet werden. 
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